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Preface to the Second Edition

Flavourings — a tradition in the family

With the present 2™ edition, this joint project of 41 authors has been updated and
enlarged to include and reflect the recent changes and developments, which, also in
the sector of flavourings and their technologies, occur at a breathtaking pace.

After laying the foundation for the first edition, Erich Ziegler has been able to pass on
the editorship within the family, sharing his ongoing passion for the world of flavours.
This 2™ edition had initially been scheduled as homage on the occasion of his 80"
birthday in 2005, a target the large pool of authors could, however, not fulfil com-
pletely.

On behalf of all authors, I would like to dedicate this edition to Mr. Erich Ziegler,
whose initiative and efforts were instrumental in gathering the first group of authors.

Edition 2 again represents a compendium which in its entirety is intended to familiar-
ise the reader with the complex subject of flavourings, from raw materials to applica-
tion methods and technology.

In addition to the numerous articles revised by their original authors, a considerable
number of new authors and co-authors have joined our effort ensuring continuity and
up-to-date contributions.

The preface to the 1% edition, also intended as a summary to guide the reader through
the book, has in the majority retained its relevance for the present edition. The already
extensive survey of our field of work is complemented by a number of new topics.
Prof. W. Grosch provides the reader with a comprehensive survey of aroma analysis
with a special emphasis on key odourants. Contributors from multinational food
companies introduce a focus on final products in the section on applications. Addi-
tionally, the sector on non-natural flavors has been expanded to include the current
state of the European chemical group classifications.

This 2™ edition today already possesses a ‘historical’ element for me, as a revision
had originally been projected for the fifth year after the initial publication. However,
with a team of authors as large as ours, the comparison with a ship - fully loaded,
difficult to manoeuvre — may not be inadequate and I am, therefore grateful today that
there have been ‘only minor deviations’ from the original schedule.

Unfortunately, a few authors did not succeed in submitting their revisions on time, but
the publisher forged on, also to guarantee the topicality of those revisions which were
submitted early.

The creation of such a collection of manuscripts is the result of that inner, mysterious
urge to communicate, inherent to each and every author. To encourage, to revive this
force is the small stimulus - sometimes gentle, sometimes more pronounced - pro-
vided by the editor in order to foster the conclusion that we all contribute towards
making the magical world of flavours more accessible.



VIII Preface to the Second Edition

Dear co-authors, I do hope that you will not only pardon my persistence in trying to
motivate you to write — in a world where time is more than scarce, especially for all
those still tied up in the daily routines of companies or institutes — but will permit the
light of positive retrospective to transform all these heights and depths into amusing
anecdotes and commit negatives into the realm of oblivion.

I do also hope that you will share my pleasure and pride that we have succeeded in
forming the majority of the manuscripts into a coherent whole and that the struggles
of each and every ‘comrade-in-pens’ were in the end rewarded by the final outcome.
I would like to again express my deep gratitude to all of you and also all those who
participated in the prior edition. Without the support of all the companies and insti-
tutes, which made the participation of employees and access to their knowledge
possible, this edition would not have been possible, a kindness for which I would like
to express my appreciation.

I am also indebted to my sister-in-law Silvia Ziegler, whose untiring support as lector
and translator made the book in its current form possible.

Additionally I would like to thank Wiley-VCH and especially Ms. Sora and Ms. Wiist
for the constructive cooperation and their patience with our team of authors.

Just as in the first edition, acknowledging the support and help I received from so
many sources is again a great pleasure. I would, therefore, like to express my deep
gratitude to all those, who in personal or written form, offered assistance and encour-
agement. In this second edition, I could again rely on the valuable advice of Dr.
George Clark, but I am also indebted to all those who provided a multitude of useful
information and detailed insights into our industry.

Last — but not least, I would like to thank Dr. Salzer, who in addition to his numerous
contributions as an author, has been invaluable for this second edition with his advice,
understanding and support.

In remembrance of our co-author Mr. Herman Olsman, who passed away at the end
of 2004 and whose contribution is no longer included in this book.

Although I certainly hope that every reader will come across interesting and innova-
tive aspects concerning the world of flavourings within this collection of articles, it is
certainly possible that one or the other aspect has been neglected, omitted or dealt
with incompletely. All authors are entirely responsible for form and content of their
respective contribution and will be pleased to receive questions, suggestions and any
other scientific comments at the respective addresses.

Bayreuth / Aufsess, December 2006 Dr. Herta Ziegler



Preface to the First Edition

The book “Die natiirlichen und kiinstlichen Aromen” was first published by Erich
Ziegler in German in 1982 as a collection of 21 articles written by authors who are
experts on their respective subjects.

This first edition, an overview of this interesting and diverse field of work intended
for those involved in food flavouring application, has been completely revised in
order to take the manifold changes into consideration. The present expanded collec-
tion of 37 different contributions is certainly still only selective; it features enlarged
versions of all previous chapters and also includes articles on a number of newly
emerging topics and developments.

To open up the new edition to an international readership, English has been selected
as the language of publication.

“Flavourings” intends to grant its readership an insight into the production, process-
ing and application of various food flavourings and also focuses on the basic and new
analytical methods employed in this field.

The book draws on the expert knowledge of contributors with backgrounds both in
industry and academia.

The following summary will guide you through the book:

The book starts with a short overview of the industry, including historical and eco-
nomic aspects as well as current trends and future perspectives.

The next chapter describes the basic physical and biotechnological processes which
are today available for the production of flavourings and flavour extracts. These range
from more traditional methods such as extraction and distillation to more recent
developments, e.g. supercritical fluid extraction, spray and freeze drying as well as
microencapsulation, and include the rapidly increasing field of biotechnology.

Chapter 3 deals with the raw materials which are of interest for the flavour sector. The
topics range from chemically defined flavouring substances, both of natural and
synthetic origin, to flavouring preparations and source materials, such as complex
natural extracts, essential oils and juices. Furthermore, process flavourings and non-
flavouring compounds which are important for food technology are also presented.

The next chapter focuses on the interesting area of blended flavourings, often
regarded as an artistic field of work.

Beverages, confectioneries, dairy products and industrial food products are today
important sectors for the application of flavourings and are therefore described in
section 5.

In the following, quality control via sensory, analytical and microbiological methods
is dealt with. As the quality of foods is, today more than ever, in the focus of the
public interest, the methods available for standardised quality evaluation have under-
gone an enormous improvement and specification process. The recent analytical



X Preface to the First Edition

progress in the determination of natural origin of different food matrices will there-
fore be depicted in detail.

The last chapter focuses on questions dealing with legislative concerns, taking both
geographic and ethical guidelines into consideration.

Acknowledgements:

The present book is a result of the efforts of 37 co-workers and the editors would like
to express their gratitude to all those who contributed to this book and the respective
companies and institutes which made this possible. In retrospect we have to admit that
the co-operation of such a diverse crew of authors was not always easy to co-ordinate.
In this context, we would like to express our deep gratitude to all those patient
contributors who, despite the delays caused by those who were either late in submit-
ting or who completely refrained from doing so, did not hesitate to keep their articles
up-to-date. It is especially gratifying for us to see that our joint efforts have been
rewarded by the present collection of articles which tries to capture the current state
of knowledge.

The work of the last few years has been made considerably easier for the senior author
through the constant help of his daughter-in-law, Dr. Herta Ziegler, who increasingly
took over the tasks of an editor.

Moreover, we would like to express our gratitude to Dr. Uwe-Jens Salzer, who, apart
from his contributions as author, was always very helpful and Mr. Kurt Ro3bach, who
kindly accepted the important and time-consuming office of the English technical
reader.

We are also indebted to Mrs. Silvia Ziegler, who not only translated a number of
articles but also took over all the tasks that an edition in English required.

Thanks also go to Mr. Giinter Ziegler who always gave us new strength when our
spirits faltered.

We would also like to thank Dr. T. Pillhofer for his technical advice and his expertise
which was very helpful for the article on extraction.

Mr. J. Flores, FMC Corporation, kindly provided illustrations which appear in the
chapters on fruit juices and citrus oils and we are also indebted to Dr. George Clark
for his valuable advice.

In remembrance of Dr. R. Emberger, who was a contributor to the first edition, the
editors would like to acknowledge his kindness and helpfulness also with this edition,
where he provided the sensory evaluations for the citrus chapter.

Last but not least we would like to thank the Hiithig Verlag that made this book
possible.

All authors are entirely responsible for their contributions and will be pleased to
answer any questions concerning their subject or to receive constructive comments -
please feel free to use the author’s addresses listed in the Index of Authors.

Aufsel3, September 1997 Erich Ziegler
Herta Ziegler
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1 Introduction

A Dynamic Business With Taste — The Flavour Industry

Herta Ziegler

Humans are decisively influenced by their sense of taste and odour and human history
is, therefore, closely tied to the development and usage of flavours. Whereas in
prehistoric times, only herbs and spices could be employed for flavouring purposes,
today a broad spectrum of flavourings is available, not only for use in the individual
household, but especially for the production of food on an industrial scale.

The application of all products from the flavour and fragrance industry is solely aimed
at enhancing the human striving for increased pleasure and sensual enjoyment. He-
donistic aspects, therefore, form the basis of our industry [/].

The roots of this industry date back to early Egyptian history, as this extraordinarily
advanced civilisation was already thoroughly aware of and acquainted with perfumery
and the embalming characteristics of certain spices and resins. Simple methods for the
distillation and extraction of essential oils and resins were already known in pre-
Christian times and subsequently elaborated by the Arabs. Balsamic oils produced by
these methods were later on primarily used for pharmaceutical purposes; it was not
before the times of the courtly baroque period that fragrance was an aspect of growing
importance. In the medieval age, mostly monks were the pioneers in the art of
capturing natural essences and transforming them into substances capable of flavour-
ing food [2].

The onset of the industrial production of essential oils can be dated back to the first
half of the 19™ century. After the importance of single aroma chemicals was recog-
nised in the middle of the century, efforts were started to isolate such compounds from
corresponding natural resources for the first time. This was soon followed by the
synthesis of aroma chemicals. In this context, the most important pioneers of syn-
thetic aroma chemicals have to be mentioned, such as methyl salicylate [1843]%,
cinnamon aldehyde [1856]*, benzyl aldehyde [1863]* and vanillin [1872]*, as they
constitute the precursors of a rapidly growing number of synthetically produced
(nature-identical) aroma chemicals in the ensuing years.

From this starting point, the flavour and fragrance industry first developed in Europe,
expanded to the USA and later reached an international scope. Today Western Euro-
pean companies have reconquered the leadership position in this market, which, after
the 2™ World War, was held by American companies.

Generally, the dynamics of the flavour and fragrance industry mirror the trend of
many industrial sectors: the most important representatives of a large number of
nationally oriented companies have through mergers, acquisitions and market expan-
sion developed into globally operating multinational enterprises. As a result of this

* year of the first synthesis
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concentration process, the number of small and medium-size businesses decreased, a
trend that will certainly result in a more uniform, less diverse market. Already an
analysis of the year 1995 showed that approximately 65% of the total turnover of the
flavour and fragrance industry is achieved by fewer than 10 firms (Fig. 1.1).

Dragoco
BBA
Takasako 3%

6%

Firmenich

H&R
9%

Givaudan
12%

Fig. 1.1: Competitors’ share of world market (1995) in aroma chemicals, fragrances and
flavours (estimated by Haarmann & Reimer) [3]

Also, today analysts estimate the market share of the ‘Top Ten’ flavour houses at
approximately 65% of the entire world market. The preceding decade, often described
as the ‘Age of Acquisitions’, has for the Top Ten of the flavour and fragrance industry
resulted in the current market shares depicted in Fig. 1.2.

Givaudan, IFF, Firmenich and Symrise are the contestants for the leadership positions,
followed by Quest and Takasago in centre field, while Sensient, Hasegawa, Mane,
Charabot and Danisco, with rather similar market share, compete every year to join
the higher ranks of the Top Ten. However, it is of considerable importance in this
context on which data the respective analysts base their evaluation. Therefore, in the
data employed for 2005 [5], sales of non-flavour and fragrance industry items, in-
cluded by some flavour and fragrance houses in their sales totals, have been sub-
tracted or eliminated from the total sale figures (items eliminated include materials
such as sugar, sunscreen chemicals, chemical intermediates, pharmaceutical chemi-
cals, stabilisers, gums, etc.).

Comparison of the sales figures for the years 1995 and 2005 clearly reflect the
ongoing changes in the corporate landscape. The merger of the two German flavour
giants Haarmann & Reimer and Dragoco to form Symrise has strengthened the
company’s position in the top ranks. Names that are deeply rooted in and intertwined
with the traditions and outstanding developments of the flavour and fragrance indus-
try — such as the vanillin synthesis and the name Haarmann & Reimer (founded 1870)
— today remain without contemporary counterpart. Analogously, with IFF’s acquisi-
tion of Bush Boake & Allen in 2001, the name BBA, considered an invariable
constant in Britain, ceased to exist. The pending merger of Givaudan with Quest in
November 2006 marks another step towards further market consolidation. Givaudan’s
current unrivalled market leadership will certainly be source and aim of other interest-
ing developments in the industry.

The landscape of the big players of the flavour business is still centred on companies
with European roots, which, however, all constitute global players.
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Flavour Industry Top Ten 2002
(Company; Sales in Mio US $, % within the top ten)

T.Hasegawa Mane i
332;4% 257;3% _Danisco
251; 3%

Sensient

431; 5%
Takasago
640; 7%

Givaudan
780; 21%

Quest
1021; 12%

IFF

Symrise 1360; 16%

1240; 14%
Firmenich
1250; 15%

Flavour Industry Top Ten 2004
(Company; Sales in Mio US $, % within the top ten)

T.Hasegawa Mane

Sensient
y 490; 4% | 345; 3%

Takasago 484; 5%

Charabot
280; 2%

Quest

- 0,
1100; 10% Givaudan

2350; 20%

IFF

Symrise
2030; 17%

1600; 14%

Firmenich
1700; 16%

Flavour Industry Top Twelve 2005
(Company; Sales in Mio US $, % within the top twelve)

T.Hasegawa Danisco
406; 3.7% Mane 279;2.6%

Sensient 311;2.9%
516; 4.7% Frutarom

Wi oSN
i —"//////////I 2109; 19.3%
IFF

Quest _~
1993; 18.3%

Robertet
245; 2.3%

963; 8.8%

Symrise

. 0,
1360; 12.5% Firmenich

1587; 14.5%

Fig. 1.2: Competitors’ share of world market (2002, 2004 and 2005) in aroma chemicals,
fragrances and flavours (calculated by www.leffingwell.com [4])
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These companies are closely followed by a considerable number of international and
national manufacturers (not resellers) of flavours and fragrances with sales figures
which are sometimes only slightly lower, but often not published as a result of private
ownership. Danisco, Ungerer & Co., Robertet, Bell, Shiono, Chr. Hansen, Frutarom,
Wild, McCormick, Treatt, Todd and Mastertaste (Kerry) deserve mentioning as exam-
ples of a long list of flavour and fragrance companies [4, 5].

These manufacturers are countered by the big purchasing companies, the multina-
tional giants of the food and beverage industry as well as the household and consumer
goods sector (Procter & Gamble, Unilever, Nestle, Kraft, Coca-Cola, Pepsi, General
Mills, Danone, etc.).

In this context, an analysis of the flavour and fragrance sector along geographic
regions and national boundaries is of considerable interest. As a single nation, the
USA continues to be the world’s largest consumer of flavour and fragrance products
[6]. Together with Europe and Japan, the USA accounts for only 15% of the world
population, but made up 71% of the overall demand for flavours and fragrances in the
year 1999 and 66% in 2004 [www.leffingwell.com]. This clearly reflects the trend of
increasing industrialisation usually coupled with a growing demand for flavours and
fragrances in other parts of the world, especially Asia. The magical ‘A’ of Asia has to
be granted as much importance in this context as the ‘A’ of acquisitions, as both ‘A-
words’ decisively influence the investment trends of the flavour and fragrance indus-
try in the beginning 21% century.

Worldwide Market Shares 1999 Worldwide Market Shares 2005
OtherWorld ~ United OtherWorid ~ United
13% States 15% States
Asia/Pacifi
: 1 Z;CI ' Asia/Pacific
¢ Canada & 15% Canada &
Mexico Mexico
Japan 4% 4%
13% Japan
° Western 1% Western
Euroope Europe
31% 20%

Fig. 1.3: Worldwide market shares of the flavour industry for the years 1999 and 2005
(estimated by Freedonia; see: www.leffingwell.com/1372pr.pdf)

The total market, valued at US$ 9.6 billion in 1995, has nearly doubled in the ensuing
decade. The share of the typical flavour sector with its classic division into beverages,
sweets, dairy and savoury, can only be estimated today and is usually valued at
slightly over 40% of the total sales volume. Generally speaking, the global share of
the flavour industry on the one hand and the fragrance industry on the other hand can
be best approached with an approximate 50:50 ratio.

Since the 1960s both the usage of flavours and fragrances and their general accept-
ance in a broad array of consumer goods has been continually on the rise. This
development in combination with the growing industrialisation in a number of coun-
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tries and, as a consequence, the predilection for flavours and fragrances does indeed
portend well for the flavour and fragrance sector. This industry can realistically look
forward to positive expectations and increasing turnover in the future. As far as
fragrances are concerned, David J. Rowe has remarked with pleasant cynicism: “This
trend might perhaps suggest we have become afraid of smelling human’ [7].

The Flavour and Fragrance Industry — Sectors and Materials
Basically, three main subdivisions can be distinguished [6]:

— essential oils and natural extracts
— aroma chemicals
— formulated flavours and fragrances.

While essential oils and natural extracts, which are obtained from natural resources
by various processes, mainly constitute complex mixtures, aroma chemicals are
uniform compounds, which can be both of natural or synthetic origin. A number of
representatives of frequently used aroma chemicals show an enormous discrepancy
between synthetic and natural material. Raspberry ketone shall be used as an example
here: for the year 1992, an estimated yearly worldwide consumption of 400 kg of
natural material is countered by the 300-fold amount of synthetic material which
found industrial usage [8].

Formulated flavours and fragrances are complex blends of aromatic materials such as
essential oils, aroma chemicals and natural extracts. Depending on their intended
usage and the type of flavour release envisioned by product design, they are available
in concentrated form, diluted in solvents or bound to carriers.

Fragrance
Blends
35%

Essential oils
(including natural extracts)
12%

Flavour
Blends
41%

Fig. 1.4: Market share of the individual sectors of the flavour and fragrance industry (2002,
estimated by Freedonia Group, C&EN estimates)
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Natural Synthetic

Raw materials I Chemical intermediates I

AR ¢

Odoriferous Secretions Extrudates Essential oils Aroma chemicals
substances | | natural and synthetic
Y Y
Flavour and Captive compounds| Merchant compounds
Fragrance compounds (formulating by (formulating by flavour &
end users) fragrance industry)

'Y ] 'y Y
Finished goods Soaps & Cosmetics & Foodstuffs, beverages Industrial
(end users) detergents toiletries Tobacco & pharmaceuticals uses

Fig. 1.5: Industrial usage of flavour and fragrance materials [9]

The Flavour and Fragrance Industry — Trends, Expectations, Functionality

The demand for food flavourings has been constantly growing over the last 100 years
as a result of the dramatic changes caused by our increasingly industrialised life-style.
The shift of food production from the individual household to craftsmen and on to the
food industry was accompanied by an increasing need for flavours.

Whereas earlier, technologically caused flavour losses were often the reason for the
addition of flavourings, improved technology did not lead to a reduced demand for
flavourings. This is a result of changed consumer expectations that went hand in hand
with improved standard of living and changed life-styles and philosophy of life [/].
Today this trend can again be observed in new industrially developing countries.

In the 1950s and 1960s, consumers welcomed technological advances and were
fascinated by and had a positive attitude towards progress. Better tasting, strongly
flavoured food was just as acceptable as new convenience products, which often still
required compromises in taste. The acceptance of synthetic materials was all-embrac-
ing; this was also the case in the flavour sector.

In the following decades, consumer attitudes changed dramatically: food and its
quality evolved into a symbol of personality, expressed by the slogan ‘you are what
you eat’. Health, fitness and diet became the precursors of all current trends up to the
turn of the century. Today, especially wellness, well-being and a well-balanced life-
style have to be added. The fortification with vitamins and minerals results in prod-
ucts that implicate pharmacological benefits, a trend which is increasingly called for
by consumers.
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Demographics, therefore, play an increasingly important role in today’s flavour indus-
try [10].

The informed chemophobic consumer of the multi-media age of the 1990s was
already rather demanding [0, 11]:

— natural, pure, whole
— freshness

— vegetarian products
— ethnic foods

— high fibre content

— high vitamin content
— low calories

— low fat

— low cholesterol

— low caffeine

— low nicotine

All these attributes and a number of others continue to characterise the current food
trends. Additionally, health, wellness, variety and anti-aging are the major driving
forces of today’s functional foods. Never before has the consumer been so sensitive
to the correlation between health consciousness, diet and long life, nutrition and
fortification with a simultaneous acceptance and growing consumption of better tast-
ing, ready-to-use convenience foods [72, 13].

While the unbroken strength of the focus on ‘all natural, food-minus (especially low-
fat) and food-plus’ continues, we have to add the following aspects which drive our
consumer trends today:

— healthy

— low sugar, low carbohydrate, low glycemic (with all aspects of the glycemic
index (GI), and GI reference labelling)

— low sodium

— fortification with minerals (calcium on top) and vitamins

— functional

— wholegrain

— organic

— no additives and no preservatives — a very strong recent trend resulting from
the discussions on allergies and intolerances

— gluten free

— portion control as an aspect of diet and daily requirements.

The results of all current trends are more and more convenient products which
combine many of the actual tendencies (e.g. new soups classified as ‘all natural, high
fibre, wholegrain, cholesterol and additive-free, fortified with minerals’) in products
which possess a good window of opportunity for fast and successful market entry.
Supported by skilful and clever sales promotion, it is suggested to consumers, espe-
cially the youngest ones, that ‘it’s cool to eat healthy’.
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The aspects mentioned above certainly constitute important trends on a worldwide
basis; however, it has to be taken into account that the individual trends are valued
differently, depending on culture and geographic region. The evaluation of ‘Food-
Minus’ and *Food-Plus’ in the different regions of the world market is depicted as an
example in Tables 1.1 and 1.2.

Table 1.1: Trends in ‘Food-Minus’ in different markets (2004) [14]

Latin 1. low calorie | 2. low fat 3. low sugar | 4. no addi- 5. no choles-
America tives, no terol
preserva-
tives
North 1. low carbo- | 2. low fat 3. no addi- 4. low sugar | 5. low calo-
America hydrate tives, no rie
preserva-
tives
Asia/Pacific | 1. no addi- 2. low fat 3. low sugar | 4. low choles- | 5. low calo-
tives, no terol rie
preserva-
tives
Europe 1. low fat 2. no addi- 3. low sugar | 4. low calorie | 5. low cho-
tives, no lesterol
preserva-
tives
Table 1.2: Trends in ‘Food-Plus’ in different markets (2004) [14] *
Latin 1. Vit/Min" 2. all natural | 3. added fi- | 4. wholegrain | 5. added cal-
America fortified bre cium
North 1. all natural | 2. organic 3. Vit/Min® | 4. vegetarian . add cal-
America fortified cium
Asia/Pacific | 1. Vit/Min® 2. add cal- | 3. all natural | 4. vegetarian . functional
fortified cium
Europe 1. Vit/Min® 2. vegetarian | 3. organic 4. all natural . gluten free
fortified

Whereas the importance placed on the respective trend attributes varies considerably
in different regions, the general tendencies are ubiquitous. Moreover, today’s con-
sumer focuses on an interesting, pleasurable, exiting or completely new taste experi-
ence. Within the flavour sectors, the developments for beverages took the lead in 2004
with 17% new introductions, followed by bakery products (12%), confectionery
(11%), dairy (9%), sauces and seasonings (8%), snacks (8%), meals and meal centres
(7%), processed fish, meat and egg products (6%), desserts and ice-creams (6%), side
dishes (3%), fruits and vegetables (3%) [14].

* Vitamins and minerals



A Dynamic Business With Taste — The Flavour Industry 9

The key categories of new flavour trends can be divided into three application direc-
tions:

— Salty snacks with mostly typical flavours (cheese, salt, chilli), hot and new
flavours, which indicate potential growth segments (meaty flavours, ethnic
flavours in new ways).

— Juices with orange being predominant (number one in all regions) or ex-
tremely fragmented flavour blends (orange plus other flavours (aloe vera,
mango, hibiscus, vitamins fortified)).

— Sugar confectionery (strawberry on top in all regions) and regions with very
specific flavours and generally a high geographic diversity (chocolate within
the top ten of Asia, liquorice (Europe), tamarind (Latin America), sour
(North America)).

Additionally, strong increases are predicted for ethnic offerings in meals. Seasonings
remain spicy, new beverage flavours come from a variety of sources, and children’s
flavours continue to be popular.

A new trend is also to surprise consumers with flavours in unexpected categories
(banana mayonnaise for children (Asia), or green tea cereals (Japan)); this trend is
called flavour migration. ‘Marrying of good flavour with nutrition’ is also predicted.

Therefore, a balance of good taste combined with good nutrition, supplied in ‘cool
packaging’ that appeals to children, seems to show the most effective way for product
placement in the future. Additionally there seems to be a revival of comfort foods
associated with ‘nostalgia’, which give the consumer the promise of basic security,
familiar classics and casual lifestyle. Indulgence does play a considerable role in the
sweets sector: to spoil oneself, easy-to-use small packaging units (e.g. drink desserts)
and portion-controlled convenience mini meals which feature daily affordability, and
possess considerable marketability [15].

The consumer’s expectations towards natural, creative products with sensational ef-
fects increase, while the tolerance threshold for accepting expensive brands in the
food sector decreases dramatically, especially in Western Europe. This trend is actu-
ally a leading one: price restrictions constitute a decisive criterion in each and every
product development.

This constitutes a great challenge, not only for the food industry but especially for the
flavour and ingredients industry.

The Flavour and Fragrance Industry — Challenges and Opportunities

In the course of the last decade, this enormous challenge led to nearly revolutionary
structural changes, especially in the technological sector. This was the only way to
answer the trends towards natural systems, while simultaneously increasing cost
effectiveness.

This resulted also in the transferral of biotechnological basic knowledge into large
areas of industrial production processes [/6]. Additionally, gentle, modern technolo-
gies, such as reverse osmosis, ultra-filtration, column chromatography and cold ex-
traction processes, were increasingly employed to obtain stable, final products with
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the utmost degree of naturalness — a driving force of the flavouring and fragrance
industry.

Today broad analytical knowledge, the result of the rapid development in the analysis
of different matrices, is, thanks to computer technology, omnipresent. From simple
gas chromatography assistance up to the highly improved analytical technique of the
electronic nose detector — as an example of a relatively new routine analytical ap-
proach — modern techniques are available for all areas of flavour creation, technolog-
ical production and quality control. In the end, the composition of a flavour remains a
creative act of art, despite the fact that today scientific knowledge of modern analyti-
cal methods is a prerequisite. Based on flavour science, the combination of flavour
compositions and building blocks permits the creation of taste sensations tailored for
the customer’s delight. The recipes resulting from such compositions are today the
last well-kept secrets of the flavour houses.

Moreover, it has to be mentioned that our industry was not spared from efforts to
reduce costs via suppliers — the well-known ‘Lopez Syndrome’ of the 1990s [11]. As
a consequence, the demands of the food industry on its ingredients and the respective
suppliers intensified considerably.

This trend became increasingly demanding towards the turn of the century and culmi-
nated in the first decade of the 21* century. Commercials that celebrate the coolness
of greed have transferred this fixation on low price onto overall consumer attitude.
However, the balance should not be lost here. As far as flavours are concerned, it
should be kept in mind that as a percentage of the total product costs, flavour costs are
usually rather low and it is often solely its flavour that accounts for victory or defeat
of a product in the market place [17].

For this reason, product design oriented towards the ‘Da Vinci Principle’ is today
considered as the most effective method for creating an innovative new product
endowed with optimised properties for market acceptance and penetration. The utili-
sation of a balance between art, science, logic and imagination, known as the ‘Da
Vinci Principle’ can be utilised in every step of product development to reach higher
efficiency through this ‘whole-brain’ development approach [18].

The intelligent direct confluence of product development in flavour houses and appli-
cation teams at the customer level constitutes another tool for achieving success and
cost effectiveness [19].

The slogan multifunctionality [1] plays an important role in the ‘flavours of the
future’.

Multifunctionality with regard to the single components will simultaneously lead to
simplified process technology and cost reductions and is, therefore, increasingly
called for today [20]. A lactobacillus culture, which on the one hand imparts a
positive mouthfeel effect to a beverage while producing natural stabilisers through its
metabolism on the other hand, is just as good an example as thickening agents, which
simultaneously have positive effects on stabilisation.

Cooling agents that simultaneously strengthen the flavour of a product should be
mentioned in this context. The usage of a variety of different spices can, apart from
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their flavouring properties, at the same time impart additional benefits to the product
as far as preservation, colour and health are concerned. Especially for organically
oriented consumers, such ingredients constitute a valued alternative to chemical pre-
servatives and artificial colours [21].

The so-called intelligent flavours (flavours being liberated when food is prepared or
when it is eaten, depending on different factors such as pH value and temperature)
have been gaining increasing importance. These high-tech intelligent compounds give
access to clearly defined product properties.

In this context, the potential of a number of diverse ingredients with significant
potential as flavour enhancers or masking agents have to be mentioned. In particular,
special minus-diets, e.g. low-carbohydrate or low-fat diets, change the taste, texture
and sensory qualities of a product and therefore require corresponding alterations to
endow the products with the properties called for by the consumer. Flavour enhancers
are defined as: ‘natural substances which are components of proteins or cell tissue.
They have no typical taste or smell, but their presence potentiates other flavours
present in the food.” In this field more and more studies are looking at the synergistic
abilities of flavour-enhancing substances and the possibility of flavour masking.

Bitter blockers and sweetness potentiators are another field of current importance.

Additionally the new trend of ‘kokumi’ has to be mentioned in this context. Special
flavours, which add the kokumi taste, are declared to be the ‘key to deliciousness’.
The Japanese word kokumi apparently denotes ‘a mixture of different taste or mouth-
feel characteristics, including impact, mouthfulness, mildness and taste continuity’
[22].

These research interests of the last decade are today partly available in the form of
products and will certainly lead to further interesting developments.

The combination of scientific techniques such as genetic engineering, biotechnology,
enzymology, physics and electronics will play an important role in the development
of new, innovative flavours.

Multifunctionality with regard to the ingredients industry today means additional
service, food innovations and product design, also from the flavour industry [/17].
This part transferral of R&D costs from the food industry into the flavour and
ingredient industry requires enormous additional efforts, but constitutes an extraordi-
nary challenge with a high potential to guide the trends towards the favoured products
of the flavour industry.

The possibility of gaining market shares for the flavour and fragrance industry by
establishing new trend products or by expanding into areas which so far have re-
mained ‘unflavoured’ constitute only the best known varieties of possible expansion
prospects. As other examples from the beverage sector, the manifold new creations of
flavoured coffees and ready-made milk drinks as well as the increasing demand for
ice teas in Europe deserve mentioning [23]. Additionally, in the beverage sector new
beverages borrow flavours from other categories (e.g. peppermint waters as well as
brain-twist sensation drinks and ‘think-drinks’ with omega 3-fortification).
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In particular, the product developments in the sector of the ‘free from certified aller-
gens’ products, which guarantee the absence of a group of allergens, are examples of
sophisticated foods, which certainly possess growing market potential. This places a
double challenge on the flavour industry, as, for example, a tomato-free ketchup
certainly has a considerable need for a substantial amount of flavour. Similarly, food
additives such as the category fat replacer necessarily lead to a higher demand for
flavourings in these products, as the fat’s loss of taste has to be compensated.

Potential for growth and new perspectives are, therefore, for the flavour and fragrance
industry mainly a question of imagination and ingenuity, market observation and
skilful marketing. Opportunities abound.

‘Change is occurring in our industries at an ever faster pace. Fast progress is both
exhilarating and painful, but the rewards for the company which thrives on the
opportunities presented by change are often associated with an accelerated progress
towards industry leadership’ [20].

Additionally, the expansion into emerging markets on an international level plays a
fundamental role in this context, as saturated markets, such as the USA, only promise
trend shifts with small growth rates. The improved standard of living in Eastern
Europe and Asia continues to promise an enormous potential of new consumers,
which decisively contributes to improved turnover and positive future perspectives

[11].

A look at the figures of new introductions in the beverage sector confirms the actual
increase in the number of newly introduced products in the years between 2002 and
2004 at an annual worldwide average rate of 20%. In certain regions, such as Latin
America, it is not uncommon that the number of innovative products is double that of
the preceding year [24].

The constantly falling barriers between cultures, which, sparked by ever increasing
mass tourism, led to a boom in ethnic foods in Europe and America, now increasingly
expected for developing countries.

Decisive political factors such as the creation of free trade zones with single curren-
cies and shared legislative guidelines offer promising prospects also for the flavour
industry with its pronounced orientation towards further globalisation [76].

Within the scope of this book, this glimpse at the dynamic network between the
flavour and fragrance industry and the sophisticated consumer of the 21% century
illustrates the interesting perspectives for the future of the business with taste. Increas-
ing client demands on flexibility and service will be countered by the flavour industry
with improved customer support and by providing complete solutions ranging from
‘concept-to-market’ to ‘creating brands’.

Today the leading flavour companies declare themselves as ‘customer-focused and
technology-driven’ [17].

In the future an all-embracing understanding of ‘sensory intelligence, sensory crea-
tion, sensory technology and sensory science’ will contribute to the success of the
flavour and fragrance industry. ‘Sensory expertise reveals today how much is still to
discover and innovate in our industry’ [25].
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2.1 Physical Processes

2.1.1 Extraction
Manfred Ziegler

2.1.1.1 Introduction

Extraction is one of the oldest techniques known for the production of aromatic
mixtures and medicines from plants using water as an auxiliary agent. Extraction
vessels excavated in Mesopotamia can be dated back to around 3500 BC. The prod-
ucts were mainly used for medical, religious and cosmetic purposes and the first
written extraction procedures found in Egypt, known as the Papyrus Ebers, are fa-
mous. Apart from fats and oils, also alcoholic solutions (wine) were employed as
solvents for the first time. In the Arab cultures, these extraction techniques were
further developed and the first liquid-liquid extractions for decolourising oils or
purifying sugar were established. Ethanol produced in medieval times from wine
resulted in improved yield and selectivity of extraction processes. In the Renaissance,
extraction was extended to a variety of commercial purposes, such as the purification
of metals. The rapid development of thermodynamics in the second half of the 19"
century led to the formulation of the distribution law for phases in equilibrium by
Walter Ernst in 1891. At the end of the 19" century, important developments for
continuous solid-liquid and liquid-liquid extraction processes were made. Since the
1930s, this technique has been employed on a large industrial scale in oil raffination
and the petrochemical industry. In this context, aromatic compounds are obtained
with glycolene and sulfolane via multi-stage continuous extraction from paraffins.
Acetic acid concentration, purification of caprolactame and tar oil and tall oil process-
ing constitute other fields of application [/, 2]. In the future, the focus of extraction
will be on chemical and biotechnological applications as well as in the area of
environmental protection [3]. Extractive processes that result from chemical reac-
tions, e.g. interactions between solvent and carrier matrix, will not be dealt with in
this context. Electrokinetic processes, the basis of electrophoresis, are employed for
the separation of biomolecules and are of little importance for the flavour industry.
The area of liquid-liquid extraction in combination with adsorption has, in contrast,
found application in the flavour industry.

2.1.1.2 Solid-Liquid Extraction

The principle of solid-liquid extraction consists in adding a liquid solvent to a solid
matrix in order to selectively dissolve and remove solutes. The chosen extractant must
be capable of preferentially dissolving the compound to be extracted, forming the
miscella.

Solid-liquid extraction is applied on an industrial scale to produce oils and fats from
oil-bearing seeds. In the food and flavour industry, extracts and resins, such as hop,
chamomile, peppermint, valerian, vanilla, red pepper and liquorice, are obtained from
herbs, roots, seeds and drugs. The technology has also found application in the
pharmaceutical industry for the extraction of antibiotics, alkaloids and caffeine.
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It is characteristic for solid-liquid extraction that no defined distribution coefficient
for the distribution of solute in extract and feed exists. Practically, an equilibrium is
never reached, as the solid matrix still contains adsorptively bound solute in the
capillaries. A quasi-equilibrium is presumed to be achieved when the solution in the
capillaries possesses the same concentration as the free solution.

The parameters for solid-liquid extraction are determined by the properties of the
matrix to be extracted, such as moisture content, type and amount, reduction ratio, as
well as selectivity and amount of solvent.

solute in raw material — solute in residue , | ¢,
solute in raw material

degree of extraction =

It is advisable to carry out practical measurements in order to determine the amount
of solvent required, yield and plate number for the process. See the literature [4-6] for
further details. The selectivity of the solvent is of special importance with solid-liquid
extraction. If the solute to be extracted is chemically uniform, the required solvent can
be selected based on the similar polarity with the solutes. Table 2.1 provides further
details.

Mixtures, such as herb and drug extracts, can be obtained selectively if the polarity of
the solvent is similar to that of the solute. To facilitate this process, the solvent should
additionally have a low surface tension for wetting and penetrating the solid’s capil-
laries. The following steps can be described for the extraction of herbs [7, 8]:

— permeation of the solvent into the herb cells
— dissolving the solutes by diffusion
— elutriating the extract from the destroyed herb cells.

The section on liquid-liquid extraction provides further details on the considerations
which should be taken into account when choosing a solvent.

2.1.1.2.1 Maceration

If the matrix to be extracted is only brought into contact with the solvents once,
maceration occurs. If maceration proceeds at an enhanced temperature, the process is
called digestion. These methods are relatively simple and can be carried out in a
number of ways. For trial purposes on the laboratory scale, maceration is called for.
The raw material is ground with special mills. Depending on feed material, crushing,
grinding or cutting processes are appropriate [9]. Then a suitable solvent is chosen
which should function selectively for the constituent to be extracted. In most cases,
however, a mixture of solutes is the basis for isolation. After theoretical considera-
tions of the solvent properties [/0], tests can be performed. Apart from polarity, high
diffusion rate, characterised by viscosity, and intensity of agitation also have to be
taken into account. Maceration can be improved by agitating the extraction material,
with a mixer in the laboratory and with a stirring device on an industrial scale. If a
turbine mixer is employed as homogeniser, both a reduction of size and agitation are
achieved, resulting in an improvement of the process.

Treatment with sound waves at the lower range of ultrasound by magnetostrictive
frequency generators constitutes another source of agitation. When employing ultra-
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sound, special attention has to be paid to possible changes in the constituents. Piezo-
electric donators (quartz pulsation) reach frequencies up to 2400 kHz. It has been
reported [/1, 12] that the range between 25 and 1000 kHz has been tested for
extraction. Electric discharges with a broad frequency band can be helpful for accel-
erating and improving extraction [/3]. Decomposition of and changes in the overall
flavour profile also have to be considered when raising the temperature during extrac-
tion (digestion). A temperature of 40 to 50°C should not be exceeded. Finally, a
change of the pH value of the extraction material can have an impact on yield and
quality.

It is a disadvantage of maceration that no exhaustive extraction is achieved. Moreover,
the concentration of the solute is low.

2.1.1.2.2 Countercurrent Extraction

In percolation, the solid matrix is repeatedly extracted with fresh solvent, up to
depletion. This process is often used both in the laboratory and on an industrial scale,
since the valuable solute can be removed to a high degree. In the laboratory, the
process is carried out as Soxhlet extraction. The solvent is continuously evaporated
and the condensed vapour is introduced into the raw material. The extract is allowed
to flow into a solvent reservoir. After a certain extraction time, the feed is exhausted
and the solute is enriched in the solvent. The multi-purpose extractor (Fig. 2.1)
permits flow and Soxhlet extraction.

Fig. 2.1: Multi-purpose extractor
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If the solid matrix moves continuously towards the solvent, countercurrent extraction
is performed. Depending on the techniques developed in percolation, three different
types can be distinguished.

In relative continuous countercurrent extraction, the leaving feed from the extractor is
extracted with fresh solvent and the miscella is used for the incoming feed. This
process can be carried out in several stages. The solvent is, therefore, moving coun-
tercurrently towards the immobile feed. Several extractors operating on this principle
have been developed, e.g. the Bollmann extractor and the Rotocel extractor [14-16].
They work according to the flow principle. This method requires a good solvent
permeability of the feed, but possesses the advantage that the solid matrix is exposed
to minimal mechanical stress. Moreover, self-filtration is achieved and the extract has
a lower solid content.

In the Bollmann extractor the raw material is fed into buckets which are arranged on
a moving belt, similar to a mill wheel. The descending buckets are sprayed partially
with enriched solvent. As the buckets rise on the other side of the extractor, the feed
leaving on top is sprayed with pure solvent. The enriched solvent flows through the
buckets in a countercurrent stream. The exhausted solid matrix is dumped at the top
of the moving belt and the buckets move again to the other side.

In the Rotocel extractor, several circularly arranged compartments move over a hori-
zontal perforated plate. Countercurrent is achieved by spraying fresh solvent onto the
matrix in the last compartment before dumping through a large opening occurs. The
solid matrix is sprayed successively on each preceding compartment with the effluent
from the succeeding one. To minimise the solid content, the full miscella sometimes
leaves from the compartment preceding the one charged with raw material. The
advantage of these extractors is their small space requirement.

Raw Material __“ _1__
f—/’j T
(6
~J
0

® ¢

(IR NG
e &

Solvent

Residue

Fig. 2.2: Revolving extractor
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In discontinuous countercurrent extraction, similar extractors are used as for macera-
tion. However, several units are employed and set in such a way that the solvent has
to pass successively in countercurrent mode through the extractors. Different designs
for pot extractors have been developed, but all feature numerous lids for filling and
dumping the solid feed and they all have considerable space requirements. The pure
solvent is again sprayed onto the pot which is dumped in the next step. A variety of
operation modes can be achieved through switching. For high enrichment of solute,
the leaving miscella is sprayed over the percolator with the fresh raw material.

In contrast to the previously described modes of operation, solvent and feed move
continuously towards each other in absolute countercurrent extraction. These extrac-
tors, e.g. the screw-conveyor extractor, the Bonotto extractor, the Kennedy extractor
and extraction batteries with decanter, all move the solid material and are, therefore,
mechanically stress objected. For the miscella this requires extended filtration for
removing solids.

In the screw-conveyor extractor, the unit consists of a pressure-resistant cylinder with
in-line screws. The solid matrix enters the extractor at the opposite side of the pure
solvent. The feed is moved, under the effects of mixing and compaction, to the other
end of the screw-conveyor.

In the Bonotto extractor, the extraction tower is equally divided by horizontal plates
into cylindrical compartments. Each plate has a radial opening, staggered from the
openings of the plates above and below. Each compartment is wiped by a rotating
radial blade which allows the feed to enter from the plate above. Therefore, the solid
matrix moves from plate to plate from the head of the tower towards the pure solvents
at the bottom. At the sump the solids are discharged by a screw-conveyor.

1 2 A B C 3 4

o

T 8
17 9
A Separation zone 4 Centripetal pump 11 Regulating ring
B Counter-current extraction 5§ Feed (suspension) 12 Scroll
C Separation zone 6 Feed tube (extracting agent) 13 Bowl
7 Feed tube (suspension) 14 Distributor
1 Main bearing 8 Feed (extracting agent) 15 Distributor holes
2 Separating disc 9 Main bearing 16 Discharge (raffinate)
3 Centripetal pump chamber 10 Discharge (extract) 17 Cyclo gear

Fig. 2.3: Decanter
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The pulsed tower is of similar construction. Here the solid feed is moved from one
disc to the next by pulsation.

In the extraction battery with decanter, several decanters are arranged in succession
and the solvent moves countercurrently to the feed.

2.1.1.2.3 Work-Up Procedures

After the separation of extract and extraction material, a complete removal of solids
and cloudy components has to ensue. This filtration process can be performed with
continuous or discontinuous filters or by centrifugation with full-jacket, reciprocal
pusher or sieve centrifuges [/7]. If inflammable solvents are employed, protective
measures against explosion have to be considered for the entire unit. The choice of
extraction solvents permitted for usage in the food industry is limited by legislative
guidelines. With the exception of an extraction with ethanol or water for usage in the
flavour industry (e.g. vanilla extract), the solvent has to be recycled. If the extract and
the solvent are present as a liquid matrix, this can be achieved with a distillation
process by evaporating the solvent. Polar solvents are removed by thin-film evapora-
tors under high vacuum at low temperatures. To prevent thermal stress solvent mix-
tures which form an azeotrope can be useful. With non-polar solvents, this is achieved
by carrier distillation with steam, also possible under vacuum (see 2.1.3.3.3). Crystal-
lisation of the extracted component may ensue (sugar industry).

It is often necessary to remove all traces of solvent; for further details see chap. 2.1.3.
The content of solvent residue can be determined by gas chromatography, especially
by head-space measurements with standardisation of the respective solvents.

2.1.1.2.4 Quantitative Considerations

Size and separation capacities of the extraction units have to be determined arithmet-
ically. Knowledge of the required amount of solvent is not only important for process-
ing, but also for the subsequent work-up of the extract. Since natural spices and drug
extracts constitute complex mixtures, a significant constituent is here selected for
calculation purposes and is determined in raw material, extract and residue.

Similar to the height of theoretical plates in distillation (see 2.1.3.3.2.), the number of
theoretical extraction stages is important for extraction. Just as with distillation, these
stages are equivalent to the number of theoretical solvent equilibria, which are neces-
sary to reach certain concentration conditions. These stages are determined either
graphically (Fig. 2.4) or numerically. A simplified method for calculating the theoret-
ical extraction stages has been published by Schoenemann and Voeste [I8, 19].
Similar to the McCabe-Thiele diagrams in distillation, an operating line is employed
for determining the stages in a coordinate system. The following equation is used for
establishing the operating line:
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E: amount of solute in extract
e: amount of solute in feed
L: amount of extract
1: amount of solvent in feed
_(E,qa—e)te, . x a: state before extraction
Ya (L., —1)+ 1 n end: state after extraction
a ! n: arbitrary average plate number

y: E/L solute concentration in feed
x: e/l solute concentration in extract

end

30

Operating Line

20

Equilibrium Curve

v (%)

10

0 10 20 30 40 50
x (%)

Fig. 2.4: Graphical depiction of the theoretical stages

2.1.1.3 Liquid-Liquid Extraction

In liquid-liquid extraction, a solvent is added to a liquid matrix (feed) to remove
selectively transition components by the formation of two coexisting, immiscible
liquid phases. The selected solvent (receiver phase) must be capable of preferentially
dissolving the solutes to be extracted and be either immiscible or only partly miscible
with the carrier (release phase). This process is, therefore, based on the different
affinities of the solute distributing between the two coexisting liquid phases. Of the
two phases, the solvent-rich solution containing the extracted solute is the extract and
the solvent-lean, residual feed mixture is the raffinate. In the case of a closed misci-
bility gap, the correlation of the solute mole fraction in the extract and the raffinate
phase is called the distribution coefficient (partition coefficient) K:

K =YX
In the case of an ideal or very narrow concentration system, this distribution coeffi-

cient is a constant in the liquid-liquid equilibrium diagram. See the literature [20-23]
for further details.
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Fundamentals of Liquid-Liquid Equilibria

The thermodynamic equilibrium requires that the chemical potential of a component
in two coexisting phases is equal:

W+ RTelna,=p" +RTIna'
a,=a"

with the activity coefficient defined as:y,;= a/x;
Xy = x5

"
X _ T

k =

X% Y,
This leads to the relation that the distribution coefficient (partition coefficient) is only
influenced by the activity coefficients for both phases and depends only on pressure,
temperature and concentration. The relationship of the Gibbsche excess enthalpy to
the activity coefficient was used for a variety of modern calculations (Wilson, UNI-
QUAC equations):

zxyi. Iny'= 1(;;

The UNIFAC method considers the liquid phase as a combination of structural ele-
ments. It correlates interaction parameters from molecular group structures with the
activity coefficient. As an incremental method with a large number of parameters, the
UNIFAC method provides a means of calculating liquid-liquid phase equilibria and
partition coefficients in multicomponent systems [24-26].

Liquid-liquid extraction has long been a powerful separation technique when the
following characteristics are encountered in the system to be separated:

— the boiling points of the components are too close together

— components have very high or low boiling points

— the components are thermally labile

— separation of components belonging to the same compound class or complex
mixtures with a large boiling point difference

— the components are present in very low concentration.

These features render the liquid-liquid extraction process a powerful tool for the food
and flavour industries.

The suitability of a solvent for a given extraction problem can be assessed by the
distribution coefficient as long as the evaluation refers to the separation of the solute.
In order to elucidate the solubilities, it has to be determined whether the intermolecu-
lar forces present in the liquids are caused by polar molecules with their dipolar
interaction, hydrogen-bridge bonding or by non-polar molecules with van der Waals
interaction. The impact of such forces is discussed in the literature [27].

The dielectric constants and dipole moment can serve as first indicators for the solvent
parameters. Table 2.1 shows that the dielectric constant is low for hydrocarbons and
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increases with increasing polarity. It also depicts the following data that are of interest
for extraction:

— density and refractive index for solvent characterisation

— explosion limits, flash point, ignition temperature, vapour pressure at room
temperature and MAK value are safety-relevant data

— water solubility has a considerable impact on solvent polarity

— boiling point and vaporisation enthalpy play an important role when recy-
cling the solvent.

Chapters 3.3.1 and 7.4.4 provides details on legislative guidelines for extraction
solvents. The solvent may be a single chemical species, but in some cases the active
reagent known as extractant is dissolved in a liquid, the diluent. The diluent is not
involved in specific interactions with the solute, but it can also influence the equilib-
rium and the maximum solute concentration.

Additional criteria for selecting the solvent in liquid-liquid extraction are:

— high extraction capacity for the solute (characterised by the distribution coef-
ficient)

— high selectivity (characterised by the separation factor)

— low solubility with the carrier

— reasonable density difference (for high throughput without flooding)

— reasonable interfacial tension (too low a value leads to formation of emul-
sion, too high a value to schlieren formation)

— reasonable viscosity for a good mass transfer coefficient.

The selectivity of an extraction is defined as the concentration ratio of the solute and
carrier components in the extract phase divided by the same ratio in the raffinate
phase:

Lo YerXe Ky
. XS.YC I<C

A prerequisite for extraction of solutes from one phase to the other is the intensive
interface contact of solvent and feed, followed by gravitational separation of the two
coexisting phases. In all industrial extraction equipment, one phase is dispersed as
droplets in the continuous phase. Thus the density difference is used to facilitate phase
separation. The mass transfer rate is defined as:

n, = K-a-Ac

n_: mass transfer rate of solute

K: mass transfer coefficient

a: interfacial area per unit volume

Ac: mean concentration difference
The two liquid phases are in equilibrium if no further changes in concentration occur
and thus a theoretical stage is established. The interfacial area per unit volume
depends directly on the fractional hold-up and is inversely proportional to the mean
drop size of the dispersed phase. The former is influenced by the internals of the
extractor, the latter by the physical properties of the two phases, such as interfacial
tension and the degree of agitation. A large density difference and high interfacial
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tension prevent, on the one hand, emulsification and flooding, and, on the other, they
obstruct dispersing and reduce the interfacial area. Considering the actual transport
process of a single drop, three processes which promote the mass transfer can be
distinguished:

— mass transfer during droplet formation (high internal circulation during the
new interface formation; new interfaces are build by energy input)

— mass transfer during free drop movement (due to shear forces, turbulent
internal circulations are formed when moving through the continuous phase)

— mass transfer during drop coalescence (drop interaction between coalescence
and redispersion cycles promotes interface renewal).

Therefore, the following criteria should be taken into consideration for the assignment
of dispersed phase:

— the transition component should be transferred from the continuous phase to
the dispersed phase

— to reach the highest interfacial area, the phase with the highest flow rate
should be dispersed

— the dispersed phase should be easiest dividable and possess the lowest sur-
face tension

— to obtain the smallest droplets, the dispersed phase should not be wetted by
the dispersing tool.

However, as mentioned before, chemical interactions are also often involved, which
renders the description of the mass transfer more difficult. Hanson /23, 28] has
performed investigations of the mass transfer processes at contact surfaces, of the
coalescence processes of single drops at the boundaries, as well as of their conse-
quences on practical operation.

Solvent recycling constitutes another important step of extraction. Different physical
processes are available for this purpose; thermal separation methods are often chosen
as they are cost-effective. Therefore, the solvent should possess a low evaporation
energy, its boiling point should differ considerably and it should be non-toxic, non-
inflammable and non-corrosive. No solvent fulfils all these requirements and a com-
promise has to be found by experimental trials.

2.1.1.3.1 Single-Stage Extraction

In the case that carrier and solvent are immiscible, the concentration of solute in
extract and raffinate can be graphically depicted with the equilibrium curve in the
loading diagram. Together with the volumes of feed and solvent, the mass balance for
the solute leads to the amount of solute that can be recovered.

Whenever the miscibility of the two phases varies and is dependent on concentration,
a triangular diagram is employed (Fig. 2.5). Here the three corners of the equilateral
triangle stand for the pure components, the solvent S, the carrier T and the solute C.
Each side of the triangle represents binary mixtures, each point within the triangle a
ternary mixture. Since the sum of the perpendicular lines of any point in the triangle
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equals the height of the triangle, the length of these lines corresponds to the concen-
tration of each component.

20

S 20 40 60 80 T
Conc. T

Fig. 2.5: Ostwald’s triangle diagram

In liquid-liquid extraction at least one miscibility gap between solvent and feed is
present. The binodal curve encloses the region of immiscibility (Fig. 2.6). In this area,
a mixture with concentration M will separate into two equilibrium phases. The com-
position of the conjugate phases at equilibrium will lie on the binodal curve at either
end of the tie line that passes through the average composition M of the total system.
In a triangular diagram also the ‘lever-arm rule’ applies, where the lengths EM and
MR correspond to the relative amounts of raffinate and extract. On the binodal curve,
the plait point KP shows where the two conjugate phases disappear and approach each
other in composition.

The tie lines and the miscibility gap are strongly influenced by changes in tempera-
ture.

A simplified representation of the phase equilibrium is the distribution diagram (Fig.
2.7). As demonstrated, the distribution equilibrium curve can be developed out of the
triangular diagram. The slope of the equilibrium curve represents the distribution
coefficient K. The position of the binodal curve and its tie lines in the liquid-liquid
equilibrium is only determined by the activity coefficient.
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Fig. 2.6: Triangle diagram for a system with two partly immiscible components
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Fig. 2.7: Construction of the distribution diagram from the triangle diagram

For a single-stage extraction the following considerations can be made using the
triangular diagram (Fig. 2.8). A binary mixture of carrier solvent T and solute C,
denoted by the feed concentration F, is to be depleted in solute by an appropriate
solvent S. The resulting heterogeneous mixture will separate at equilibrium into two
coexisting phases E and R, the concentration of which is determined by the tie line
through M.

The selectivity of the extraction can be determined graphically if the concentrations of
extract D and raffinate phase G are converted on a solvent-free basis, the ratio of both
concentrations represents the selectivity. If this distribution equilibrium is reached, a
so-called theoretical stage is present. In reality, the achieved enrichment is far smaller
than the theoretically possible one. When designing extractors, not only the theoreti-
cally required stages, but also a stage exchange degree, to be determined empirically,
has to be taken into consideration. This is of special importance with multi-stage units.
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Fig. 2.8: Depiction of a single-stage extraction in a triangle diagram

2.1.1.3.2 Multi-Stage Liquid-Liquid Extraction

On an industrial scale, emphasis is put on good solute depletion and liquid-liquid
extraction is, therefore, carried out in several stages.

In discontinuous cross-current extraction, the solvent is mixed with the feed and
subsequently separated; the leaving raffinate is again extracted with fresh solvent. An
arbitrary number of extraction stages can follow. The result of a cross-current extrac-
tion is obviously determined by the distribution coefficient as well as the solvent ratio.
In the case of a high distribution coefficient, the required number of extraction stages
is low and the obtained solute therefore has a high concentration. By using large
amounts of fresh solvent, a good solute depletion in the raffinate can be achieved. On
the other hand, in case of a low distribution coefficient many extraction stages are
necessary and the obtained solute concentration decreases rapidly. The graphical
determination by employing the triangular diagram will lead to a tie line through M
for every stage (Fig. 2.9). The corresponding concentration of solute in extract and
raffinate will lie again on the binodal curve.

For the extractive processes in the flavour industry, it is useful to determine an
analytically identifiable constituent in the extract after each stage. Calculations then
result in the number of actually employable stages.

In the laboratory, a multi-stage liquid-liquid extraction can be performed by a simul-
taneous distillation-extraction process according to Likens-Nickerson [29] (Fig.
2.10). Here, the liquid matrix with the solute in one flask is evaporated together with
an immiscible solvent in a second flask. Extraction takes place in the vapour phase
where an intensive distribution of both phases is ensured. The condensed vapours
from the two phases are separated via a siphon using their different densities and their
reintroduction into the original flasks. As the distillation process is continued, extrac-
tion is repeated until the solute is exhausted in the original matrix. This method is very
useful when traces of non-volatile solutes are present, which are only partly miscible
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in the liquid matrix. Here carrier distillation lowers the boiling temperature of the
solute considerably.
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Fig. 2.9: Multi-stage cross-current extraction
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Fig. 2.10: Likens-Nickerson apparatus

-~
@

Vacuum can be applied in order to reduce thermal exposure. The cooling funnel
requires a deep-freezing mixture. This extraction method can easily be transferred
onto an industrial scale. An important application is essential oils in water where
steam distillation is carried out. For the distillative extraction process, different water-
immiscible solvents are used. Thermal deterioration and retrieval ratio in the solvent
have been studied intensively for fragrance materials [30].
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In multi-stage continuous countercurrent extraction, it is characteristic that solvent
and feed are continuously moving countercurrently towards each other in the extrac-
tor. The fresh solvent first comes into contact with the leaving raffinate and on the
opposite side the leaving extract with the introduced feed. This leads to a large
loading capacity for both sides and, therefore, to high enrichment of solute in the
extract and high depletion in the raffinate. Therefore, the concentration of solute in the
extract is much higher compared to cross-current extraction and less solvent is neces-
sary for the depletion of solute in raffinate. Multi-stage extraction is achieved by the
addition of the successive single stages with countercurrent flow of feed and solvent.

Depending on the technical construction of these extractors operating in the counter-
current mode, two different classifications can be described: stage-wise or differential
contacting of the two countercurrently flowing phases. In a stage-wise extractor, the
concentration profile changes stepwise, since in each stage the separated layer of
extract and raffinate are newly distributed in the following unit (e.g. mixer-settler
battery, Robatel extractor).

In stage-wise liquid-liquid extraction, calculations can be performed from stage to
stage. A convenient method for the determination of the necessary theoretical stages
or minimum solvent ratio is again graphical depiction (Fig. 2.11). In the known
loading diagram, the necessary stages can be determined by inserting the operating
line. Together with the mass flow ratio of feed and solvent and the final concentration
of solute in the raffinate, an operating line can be drawn into the loading diagram and
the necessary steps to reach this value are counted.
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Fig. 2.11: Loading diagram

F/S =tan o

The slope of the operating line is defined by the solvent ratio. The minimum solvent
ratio depicts the operating line in the loading diagram with a common point on the
equilibrium curve. Indefinite theoretical stages on the operating line would be neces-
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sary to reach this position; therefore the solvent ratio is higher for operational use.
Similar to distillation, extraction efficiency in stage-wise extraction units is expressed
in HETS (height equivalent of a theoretical stage). The HETS is calculated from the
theoretical stages and the total length of the extraction unit:

HETS = H/n,,

For the projection of an extraction unit, the practical theoretical plate number is
determined by dividing the theoretical plate number by the plate efficiency value:

S=ng/n,

The height of a single plate in the unit is then defined by the total height of the mass
transfer zone and the practical plate number.

In more complicated ternary mixtures, the triangular diagram is again suitable for
graphical description (Fig. 2.12). The mass balance for the determination of the point
M, depicted previously for the single stage, is now required along the entire unit. The
difference between mass flow of extract and raffinate in every cross-section is equal
and corresponds to the net mass flow at either end of the apparatus. Since the sum of
two amounts in a triangular diagram is represented by a point on a line between them,
the difference may be represented by a point on an extended line through them. The
corresponding lines for each cross-section originate from one single point which
represents the net mass flow at one end. This point P is designated as difference point
or pole. The location of this point P can be determined graphically if the inlet phase,
the required purity of the raffinate phase and the ratio of raffinate and extract flow are
known. Originating from the inlet feed F and solvent S, the point M is determined. As
this mixture is also considered to be a mixture of raffinate and extract, outlet extract
E, can be found as the intersection between the binodal curve and the line through
point M and outlet raffinate R . The location of the difference point is found at the
intersection of both lines E_F and R S.

The position of the difference point can also be situated on the other side of the
triangular diagram. There are also some restrictions with respect to the necessary
minimum solvent/feed ratio. Further details can be found elsewhere [20, 21].

After determination of the difference point, it is possible to determine the necessary
number of theoretical stages. Starting from the extract E | the raffinate R, for the first
stage is found by using the tie line through E . A line through P and R, intersects with
the binodal curve and results in E,. This procedure is repeated until the final raffinate
point R is reached.

The example results in three theoretical stages. By modifying the solvent/feed ratio, it
is possible to change the number of theoretical stages. A larger number of stages
means less solvent flow in relation to feed flow and consequently reduced cost of
solvent recovery. Opposite results will be received for increased solvent flow.

In the differential extraction mode, the concentration profile changes continuously as
the two phases have no exact stepwise phase separation and a continuous movement
towards each other is present. Here, an ideal contacting pattern for the two phases
corresponds to a perfect countercurrent plug flow (e.g. extraction towers, Podbielniak
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extractor). For the determination of extraction efficiency in these kinetic systems, the
HTU-NTU (height of a transfer unit and number of a transfer unit) models were
developed. The mass transfer model is based on a differential volume element in the
column where a thin-film contact for the two phases results in the solute transfer into
the extract. The HTU is again defined over the column length H:

HTU = H/NTU

S Conc. T R T
Fig. 2.12: Determination of the number of theoretical plates in a triangle diagram
The HTU values for the solute transfer of the releasing (raffinate) and receiving

(extract) phase are calculated with the two following equations, where the integrals
describe the NTU from the loading difference of the two respective phases:

F dX F/S : flowrate of feed and solvent
HTUg « NTU; = AK ° IX X' = K: mass transfer coefficient
ra - X — X'": loading difference of the raffinate phase
S dY a: interfacial area per unit volume
HTU; « NTU, = AK ° J.ﬁ = A: cross-section area
£d - Y' - Y: loading difference of the receiving phase

The first HTU term contains the physical and fluid-dynamic parameter and the second
NTU term expresses the number of theoretical stages as function of the solute concen-
tration difference. The extractor-specific HTU value is, on the one hand, described by
the quotient of flow rate and cross-sectional area of the column, and, on the other
hand, it is characterised by the interfacial area per unit volume and the mass transfer
coefficient. The former is mainly influenced by drop size and phase hold-up, the latter
by the relative movement of the dispersed phase. These characteristic HTU values can
be experimentally measured for a certain extractor type and are used for comparison
with other extractors or for the projection of larger units.
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The NTU values that characterise the concentration profile can be graphically deter-
mined if the operation line is parallel to the equilibrium curve in the loading diagram.
In this case NTU, =NTU;and reflects the theoretical stage number n,. A deviation of
the ideal plug flow in the continuous and dispersed phase occurs for the following
reasons:

— eddy diffusion in axial and radial direction in the continuous phase

— different velocity spectrum over column cross-section

— carry along of small dispersed droplets in axial direction

— broad velocity spectrum of ascending droplets due to the different droplet
size.

These phenomena are defined as axial dispersion which reduces the mass transfer.
Therefore, additionally a term called HDU (height of diffusion rate) has to be taken
into account for the measured HTU":

HTU'=HTU + HDU

The HDU can also be experimentally determined by measuring the residence time
distribution of the two phases in the extractor unit.

2.1.1.3.3 Equipment

When performing single-stage extraction on the laboratory scale, the chemist employs
a separating funnel as mixing and precipitating vessel [23, 31].

On an industrial scale, the following requirements for extraction equipment are called
for:

— generation of small droplets

— high turbulence in the mixing zone

— homogeneous droplet distribution

— generation of high mass transfer coefficient
— prevention of axial back-mixing

— fast phase separation after solute transfer.

In technical applications, mixing of the two phases is achieved by

— blenders, intensive mixers or high-speed mixers

— static blender of a centrifugal or jet pump

— mixing centrifuges

— or, until the distribution equilibrium is reached, with sound waves and elec-
tric discharge, similar to solid-liquid extraction [32].

Gravitational forces are used for separating the two phases. Horizontal chambers with
mixers are selected for dispersion purposes. In the subsequent settler, the drops
coalesce forming a separate layer, resulting in the name mixer-settler. Good extraction
efficiency is obtained, apart from high interfacial area, if a certain minimum residence
time in the mixer is achieved. In the settler, the dispersed phase must coalesce and
form a homogeneous phase layer. Most settlers consist of horizontal vessels, as
experience has shown that phase separation efficiency is proportional to the interface
area. Improvements in separation have been accomplished by installing settling aids
that must be wetted by the dispersed phase. The throughput is therefore dominated by
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the settling process. The reinforcement ratio of a mixer-settler is in the range of 0.8 to
1. For detailed studies see [31, 33].

height-adjustable overflow weir

settling area

drainage
inlet heavy phase inlet light phase outlet light phase

outlet heavy phase

Fig. 2.13: Mixer-settler extractor

For high-stage efficiency and rapid phase separation, centrifugal forces constitute a
suitable tool. Mixing and separation can be performed with a centrifugal mixer and
separator. Self-cleaning or nozzle separators are employed to discharge any solids or
sludges present. The former are equipped with a hydraulic bowl-opening mechanism
for intermittent solids. Nozzle separators feature continuous sludge discharge.

2.1.1.3.3.1 Extraction Batteries

For this technique, several units are arranged together in such a way that the effluents
of the two phases flow countercurrently. All mixing and separation equipment of
single-stage extraction can be employed in the corresponding countercurrent mode.
Extraction batteries have large space and material requirements. They have, neverthe-
less, widespread application in the flavour industry, as they can be employed univer-
sally. They can also be used with larger extract requirements in multi-stage liquid-
liquid extraction and, depending on arrangement, both continuously and discontinu-
ously.

The earliest extraction units were mixer-settlers that involved separate mixing and
settling vessels. The disadvantage of these units was their high space requirement, and
soon different configurations were developed. In this context, box or tower mixer-
settler extractors found a broad range of application [34]. The most common unit is
the mixer-settler battery consisting of a mixer chamber and an integrated downstream
settler chamber. The settler is separated from the mixer chamber by a slotted baffle.
The separated phases are removed at the end of the settler chamber according to their
densities and then pumped into the next unit. The advantages of mixer-settler units are
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the simple addition of further stages and the broad loading capacity with the possibil-
ity of extreme phase ratios.

2.1.1.3.3.2 Centrifugal Extractors

Here centrifugal force is used for mixing and separating the two phases at high flow
rates and small density differences are already sufficient. The centrifugal extractors
are arranged in such a way that countercurrent flow is achieved. The low volume
hold-up as well as the short residence time are big advantages of these units. As
described in single-stage extraction, centrifugal mixers and separators are set in series
in such a way that countercurrent flow of feed and solvent is established. In the last
decade some improved annular centrifugal contactor designs became commercially
available [35]. This centrifugal extractor operates in a similar manner to a mixer-
settler: the entering two liquids are rapidly mixed in the annular space between the
housing and the spinning cylindrical rotor and are then pumped through the central
opening of the rotor to the centrifugal separator. The mixed phases are accelerated to
the rotor speed and separation begins as the liquids are displaced upwards by the self-
pumping rotor. The interface between heavy and light phase is adjusted by a heavy
phase weir ring and an optimum rotor speed. Good separation efficiency is maintained
even with changes in flow rate or phase ratio due to the large dynamic interface zone.
For multi-stage extraction these contactors can easily be set in series because the
discharge port is higher than the inlets. The further development of the one-stage
centrifugal extractors has resulted in technically elaborate, cost-intensive equipment
[36-38]. As a result of the different design of these extractors, they vary in throughput
and in their capacity to separate different density ratios.

In the Podbielniak extractor (Fig. 2.14) rotation is around a horizontal shaft, which is
equipped with radial tubes for central and peripheral passage of the entering and
leaving liquids. The body of the extractor is a cylindrical drum containing concentric
perforated cylinders. The liquids are introduced through the rotating shaft with the
help of special mechanical seals; the light liquid is led internally to the drum periph-
ery and the heavy liquid to the axis of the drum. Rapid rotation (up to several
thousand rpm, depending on size) causes radial counterflow of the liquids, which are
then led out again through the shaft. During operation three zones are formed within
the extractor: two narrow zones near the shaft and the rim and a large zone in which
the extraction takes place. This principal interface position is adjusted by a back-
pressure control of the light-phase outlet. Depending on the ratio of back pressure to
light liquid inlet pressure, either the light or heavy phase can be continuous. These
machines are particularly characterised by extremely low hold-up of liquid per stage
but require a certain density difference.

The Quadronics extractor is a horizontally rotated device in which either fixed or
adjustable orifices may be inserted radially as a package. These permit control of the
mixing intensity as the liquids pass radially through the extractor.

The Alfa-Laval extractor contains a number of perforated cylinders revolving around
a vertical shaft. The liquids follow a spiral path about 25 m long in countercurrent
fashion radially and mix when passing through the perforations. Up to 20 theoretical
stages can be achieved.
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Fig. 2.14: Podbielniak extractor

The Robatel extractor (Fig. 2.15) is basically a mixer-settler set above each other,
which uses the centrifugal force to reach fast phase separation in each stage. The
extractor consists of a rotating bowl divided by baffles into horizontal compartments.
Each compartment has connections to lead the separated phases to the next stage. The
stationary central shaft has mixing discs and pumps the liquids into the settling part of
the stage. The heavy and light liquids are introduced on the opposite side of the
extractor to reach a countercurrent flow in the stages. Thereby the liquid volume of a
multi-stage unit is reduced to a minimum. Models are available that reach up to seven
stages with short contact time.

2.1.1.3.3.3 Extraction Towers

These towers are basically similar to those employed in countercurrent distillation
(chapter 2.1.3.3.2). In the case of extraction towers, gravitational forces are used for
the phase flow. The two immiscible phases enter at opposite ends of the tower.
According to their different densities, the light phase is introduced at the bottom and
the heavy phase at the head of the tower to realise a vertical countercurrent flow. The
introduction of the dispersed phase into the whole cross-section of the column is
achieved by distribution units such as nozzles and sprinklers. The dispersed phase is
introduced into the tower as small droplets which coalesce again into a homogeneous
phase on the opposite side. The entering fluid on the opposite side is called the
continuous phase. The columns are characterised by their cross-section area and their
height. The diameter of the column influences mainly the throughput capacity and the
height influences mainly the extraction efficiency. The maximum throughput of a
column is determined by the maintenance of continuous countercurrent flow without
flooding. The internals of an extraction tower are constructed in such a way that high
hold-up and large interface renewal for the dispersed phase are reached. All fluid
elements of the phase should have a narrow residence time distribution in the appara-
tus.
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Fig. 2.15: Robatel centrifugal extractor

Extraction towers can be basically divided in two groups, with and without energy
input.

Packed, sieve-tray and spray towers are used without agitation [39-41].

The simplest extraction tower is the spray tower. The droplets of the dispersed phase
are generated only once at the input. The extraction efficiency of these towers is very
low, due to the broad range of droplet diameter and poor interface renewal. Addition-
ally, the back-mixing effects increase dramatically by increasing the ratio between
diameter and height of the column. The throughput is generally influenced by the
density difference and the viscosity of the two phases.

Static sieve-tray columns (Fig. 2.16) have a number of applications. The sieve-tray
column is designed according to the same principle as distillation columns with
overflow weirs and downcomers. The droplets are reformed on every plate, since the
dispersed phase will back-up on the trays, coalescing into continuous layers. By
means of suitable drain pipes, a considerable cross-flow is generated in the column
which results in additional hold-up for the dispersed phase. Due to the high interface
renewal and the smaller back-mixing effects in the trays, the separation efficiency is
high and mainly influenced by the height on the back-up layers and the tray spacing.
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The throughput through these columns depends again on the density difference and
the height of the back-up layer under the plates. The loading range is small.
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Fig. 2.16: Static sieve-tray column

Static packing columns also have an improved mass transfer with less axial disper-
sion; however, the dispersed phase should not wet the packings. These extraction
towers, which depend on density differences, have fairly large throughput and are
inexpensive extraction units.

Countercurrent columns with additional kinetic energy input have found a broad
range of industrial applications [42-48]. Examples of extraction towers with energy
input are pulsed towers, pulsed packed columns and pulsed perforated-plate towers. A
number of units with some form of mechanical agitation are also used (Karr column,
Scheibel column, Oldshue-Rushton column, Kiihni column, RZE extractor, RDC and
ARD extractor, Graesser contactor).

As discussed, the supply of mechanical energy reduces the droplet size and increases
interfacial turbulence, resulting in a higher theoretical plate number. The energy for
agitation can be introduced by pulsation or agitation.

Pulsed extraction towers have been used throughout the industry for many years.
Pulsation is generated at the sump of the column using special piston pumps or
compressed air. Extensions for phase settling are installed at the bottom and head of
the column. The design of the column is rather difficult since back-mixing will occur
with increasing diameters.

In pulsed sieve-plate towers, the entire column cross-section is occupied with trays,
and thus the lighter phase passes through the holes in the upward stroke and the heavy
phase in the downward stroke. This will continuously create new interfaces, which
improves the mass transfer. By low pulsation intensities the dispersed phase is discon-
tinuously moving through the holes (mixer-settler mode). The appropriate relation
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between pulsation intensities and throughput has to be determined empirically in
order to operate the tower efficiently. The ideal operation mode where the phase is
continuously dispersed throughout the column can be depicted graphically (Fig.
2.17). The product of frequency and amplitude (pulsation intensity) of the pulsator in
relation to the throughput per free column cross-sectional area will lead to a flooding
curve with a maximum. The area enclosed by the flooding curve will show the
allowed operation range. On one side of the maximum, the enclosed area will give the
mixer-settler mode and on the other side the dispersion mode. The pulsator frequency
is between 30 and 150 strokes/min and the amplitude between 5 and 10 mm. The
spacing of the trays and the hole diameter have to be adapted to the physical data in
use and will influence throughput and separation efficiency.

B/m3/m?2 h

Upper
7 Flooding Level

Mixer-Settler
Range

| Dispersion
i Range

i
1
1
h
'
|
i
i
i
|

a. fimm mir!

Fig. 2.17: Operation range of a pulsed sieve-plate extraction column for a certain free cross-
sectional area

Pulsed packed columns have internal packings which should neither have cavities nor
be wetted by the dispersed phase. The throughput of these columns as well as the
loading range is low but they reach high extraction efficiency. Packed columns also
require a minimum density difference for operation. Operation of these towers at high
throughput and the pulsation in the dispersion area lead to good extraction efficiency
[42]. Disadvantages of these columns are the small loading range and the proneness
to clogging with sticky products.

The disadvantage of all pulsation towers is the high energy input for moving the
whole column content and use is therefore limited for larger units.

This led to the development of reciprocating plate towers which consist of a stack of
perforated plates and baffle plates. The column developed by Karr (Fig. 2.18) reaches
high maximum loads and is suitable for systems with low interfacial tension [44].
Here the perforated plates move up and down driven by an outside motor. The
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uniform distribution of the energy dissipation across the whole cross-section gives
uniform droplet size and low axial mixing which leads to good HTU values.
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Fig. 2.18: Karr column

Agitated extraction towers have in common that the internals are formed into com-
partments by differently shaped horizontal baffles. Within each compartment, agita-
tion is achieved by the rotation of discs or impellers on a shaft. Without the calming
compartments, a high degree of agitation would cause complete back-mixing in all
stages of the column. One of the oldest extraction towers with agitators is the Scheibel
column. In this column double-bladed agitators are mounted at certain intervals on a
vertical shaft in order to achieve phase mixing. In the separation zone between the
agitators wire-mesh packings, which should wet the dispersed phase, are installed to
improve coalescence. These columns work according to the mixer-settler principle. In
the calming zones, three times the height of the mixing zone, the light phase passes
upward to the mixing zone. The capacity of these columns is very sensitive to the
interfacial properties; high throughput at low speed leads to low efficiency and vice
versa. The maximum throughput is low due to the separation zones. At higher column
diameters, the efficiency decreases as a result of the broad droplet spectrum generated
by the impeller. This has been improved by the Scheibel-York design, where the
impeller is surrounded by a shrouded baffle. In addition to lowering the compartment
height, better HETS values were achieved.

Advances in development resulted in the Oldshue-Rushton and Kiihni extractors [43,
45]. The Kiihni extractor has shrouded turbine impellers for agitation to promote
radial discharge characteristics (Fig. 2.19). The stator discs are made from perforated
plates and the residence time can be varied by changing the distance and the hole
diameter of these plates. These extractors can be used in the dispersion or mixer-
settler mode. Therefore, they can be adapted to extreme phase ratios and reach high
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theoretical plate numbers. Throughput, which also depends on the mixer speed, is
high. A disadvantage is their difficult and expensive installation.
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Fig. 2.19: Kiihni extractor

The RZE extractor (Fig. 2.20) is of similar construction [47]. Here, an impeller
mounted on a central shaft is used for agitation and the stator discs are again arranged
on rods at certain intervals. The small aperture in the centre forms a meander band on
the inside ring. The modular design of these internals allows facile extension of the
column. The maximum throughput is mainly influenced by the free cross-section of
the stator discs. The loading range is broad as the impeller speed can be varied and
they show a high theoretical plate number.

Probably the best-known agitated towers are the RDC and ARD contactors [46, 48].
In the former, rotating discs are mounted on a central shaft in the tower. Offset against
the agitator disc, stator rings, with aperture greater than the disc diameter, are installed
at the column walls. These extractors show a broad loading range since the disc’s
speed is adjustable. In practical applications, certain ratios between the baffle inter-
vals and the column diameter were found but, depending on the physical properties of
the phases, these proportions may be varied. Furthermore, they show high throughput
but the rotating discs require a certain minimum viscosity of the liquids. The theoret-
ical stage number is low since at higher disc speed the influence of axial mixing is
high.

Fig. 2.20: RZE extractor
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Further improvement was achieved by the ARD extractor (Fig. 2.21). Asymmetric
rotating discs are mounted on a shaft that is off-centre in the tower. The mixing zones
are separated by horizontal stator rings and additional vertical metal sheets form
settling zones. This leads, on the one hand, to lower HETS values but, on the other
hand, reduces the maximum throughput. A minimum viscosity of the phase is also a
prerequisite for this design. In contrast to the RDC, the ARD column can be easily
extended by couplings of the shaft and is available in large diameters.

Finally, the Graesser contactor deserves mentioning. It employs a horizontal format
where a series of discs is mounted on a central shaft, with C-shaped buckets mounted
between the discs (Fig. 2.22). There is a peripheral gap between the discs and the
interior of the shell and longitudinal flow of the phases is through this gap. The heavy
phase outlet level is adjusted in such a way that it results in an interface level
approximately on the centreline of the unit. In operation, the rotor assembly is slowly
rotated and each phase is dispersed, in turn, in the other. The design is virtually unique
in not having one phase dispersed and the other continuous throughout.

|_— rotor disks [ mixing zone
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Fig. 2.22: Graesser raining-bucket contactor

In the membrane contactor, the interface of the two phases is immobilised on a porous
membrane. This membrane must have the ability to separate both phases from each
other. Therefore, it is a prerequisite that the membrane is wetted only from one phase
and the other phase has a high surface tension towards the membrane [49, 50]. Since
the pore size is <1.5 pm and the thickness of the wall with is very small (<100 pum),
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the membrane pores are completely filled with wetted phase due to capillarity. There-
fore, the interface is between the two liquid phases on the pore entrance from the non-
wetted phase. To prevent penetration of the wetted phase, a higher pressure on the
non-wetted phase has to be applied. With this pressure, it is guaranteed that the
interface is immobilised in the pores. For this reason, it is necessary to evaluate the
suitability of the membrane material for the extraction system used.

In general, membrane-supported liquid-liquid extraction is offered as a micro-porous
hollow fibre module (Fig. 2.23). The membrane contactor contains thousands of
micro-porous hollow fibres knitted into an array that is wound around a distribution
tube with a central baffle. The hollow fibres are arranged in a uniform open packing
allowing the utilisation of the total membrane surface area. The liquid flows over the
shellside (outside of the hollow fibre), is introduced through the distribution tube and
moves radially across the array of hollow fibres and then around the baffle and is
carried out by the collection tube.
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Fig. 2.23: Membrane contactor
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The mass transfer is governed by molecular diffusion through the pores and the
interface phase equilibrium. The significant difference to all previously described
extraction units is that no dispersion between both phases is necessary, which leads to
the following characteristics:

— no density difference is necessary

— no formation of emulsions

— no phase separation

— every phase ratio is possible

— the fluid dynamic is not restricted by flooding.

As a result of the construction of the membrane module, the interface area for mass
transfer per volume is very high compared to extraction towers and is not influenced
by flow volumes. The flow volumes are only restricted by the phase breakthrough into
the other phase caused by the pressure loss along the contactor. HTU values are lower
compared to other extraction units; therefore the membrane contactor has higher
extraction efficiency. HTU values increase with higher loading of the membrane
module. To reach a higher theoretical plate number, comparable to extraction towers,
more module units have to be set in series.

With all extraction columns, especially those with movable internal fittings, success is
mainly dependent on construction and, therefore, on the supplying manufacturers.
Close cooperation is necessary for all experimental trials regarding the particular
problem to be solved.

2.1.1.3.3.4 Selection of Companies Supplying Equipment

Solid-Liquid Extraction

Alfa Laval GmbH, Wilhelm-Bergner-Str. 1, D-21509 Glinde, Germany

Crown Iron Works Co., PO Box 1364, Minneapolis, MN 55440-1364, USA

De Dietrich Process Systems, SAS, PO Box 8, F-67110 Zinswiller, France

E & E Verfahrenstechnik GmbH, Diisternstr. 55, D-48231 Warendorf, Germany
Flottweg GmbH & Co. KGaA, Industriestrale 6-8, D-84137 Vilsbiburg, Germany
ET. Industrial Pty. Ltd, 680 Pacific Highway, Killara, NSW-2071, Australia
i-Fischer Engineering GmbH, Dachdeckerstr. 2, D-97297 Waldbiittelbrunn, Germany
Innoweld Metallverarbeitung, Industriepark, A-8682 Miirzzuschlag-Honigsberg, Aus-
tria

NORMAG LABOR- und PROZESSTECHNIK GmbH, Auf dem Steine 4, D-98683
Ilmenau, Germany

Normschliff Geritebau Dr. Friedrichs — Dr. Matschke GmbH & Co. KG, Hiittenweg
3, D-97877 Wertheim, Germany

PRUESS Anlagentechnik GmbH, Blumenstr. 24, D-85283 Wolnzach, Germany
QVF Engineering GmbH, Hattenbergstr. 36, D-55122 Mainz, Germany

Rousselet Robatel, Avenue Rhin, F-07104 Annanay, France

Schrader Verfahrenstechnik GmbH, Schleebergstr. 12, D-59320 Ennigerloh, Germany
SITEC-Sieber Engineering AG, Aschbach 621, CH-8124 Maur/Ziirich, Switzerland
Sulzer Chemtech AG, Hegifeldstr. 10, CH-8404 Winterthur, Switzerland

Uhde GmbH, Friedrich-Uhde-Str. 15, D-44141 Dortmund, Germany
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Uhde High Pressure Technologies GmbH, Buschmiihlenstr. 20, D-58093 Hagen, Ger-
many
Westfalia Separator AG, Werner-Halbig-Str. 1, D-59302 Oelde, Germany

Liquid-Liquid Extraction

Alfa Laval GmbH, Wilhelm-Bergner-Str. 1, D-21509 Glinde, Germany

B & P Process Equipment, 1000 Hess Avenue, Saginaw, MI 48601, USA

De Dietrich Process Systems, SAS, PO Box 8, F-67110 Zinswiller, France

E & E Verfahrenstechnik GmbH, Diisternstr. 55, D-48231 Warendorf, Germany
i-Fischer Engineering GmbH, Dachdeckerstr. 2, D-97297 Waldbiittelbrunn, Germany
Flottweg GmbH & Co. KGaA, Industriestrale 6-8, D-84137 Vilsbiburg, Germany
Julius Montz GmbH, Hofstr. 82, D-40723 Hilden, Germany

Kiihni AG, Gewerbestr. 28, CH-4123 Allschwill 2, Switzerland

NORMAG LABOR- und PROZESSTECHNIK GmbH, Auf dem Steine 4, D-98683
Ilmenau, Germany

Normschliff Gerdtebau Dr. Friedrichs — Dr. Matschke GmbH & Co. KG, Hiittenweg
3, D-97877 Wertheim, Germany

QVF Engineering GmbH, Hattenbergstr. 36, D-55122 Mainz, Germany

Rousselet Robatel, Avenue Rhin, F-07104 Annanay, France

Schrader Verfahrenstechnik GmbH, Schleebergstr. 12, D-59320 Ennigerloh, Germany
Sulzer Chemtech AG, Hegifeldstr. 10, CH-8404 Winterthur, Switzerland
TOURNAIRE S.A., Route de la Paoute, F-06131 Grasse Cedex, France

Uhde GmbH, Friedrich-Uhde-Str. 15, D-44141 Dortmund, Germany

Uhde High Pressure Technologies GmbH, Buschmiihlenstr. 20, D-58093 Hagen, Ger-
many

Westfalia Separator AG, Werner-Halbig-Str. 1, D-59302 Oelde, Germany
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2.1.2 Supercritical Fluid Extraction (SFE)

Karl-Werner Quirin
Dieter Gerard

Extraction and separation processes are basic industrial operations applied in many
areas with considerable economic relevance. Supercritical fluids, especially carbon
dioxide, are of increasing interest for new separation processes in the fields of food-
stuffs, cosmetics and pharmaceuticals.

To take away the mystery from the word supercritical, it should be recognized that a
supercritical fluid can be used like any other solvent for maceration and percolation
processes. The only restriction is that it must be handled under high pressure, a fact
that requires a special and expensive design of the extraction apparatus. This obvious
disadvantage however is compensated by many benefits as demonstrated below. Su-
percritical CO,-extraction of botanical materials is today a well-developed and relia-
ble procedure applied on an industrial scale for about 20 years. The equipment is
available turn-key from various suppliers in multi-purpose design or tailor made for
special applications.

2.1.2.1 Solvent Evaluation

For the design of the extraction process the choice of the right solvent is most
important. What are the properties of the ideal solvent? Table 2.2 lists some general
criteria that must be observed for solvent evaluation.

Table 2.2: Criteria for solvent evaluation

— selectivity — evaporation enthalpy

— capacity — specific heat

— stability — combustibility

— reactivity — flash point

— viscosity — explosion limits

— surface tension — maximal allowable working concentration
— boiling point — environmental relevance

The solvent selectivity should be as high as possible in order to avoid coextraction of
useless or disturbing by-products. If the desired extract is rich in valuable ingredients
the direct use is possible without further refining connected not only to additional
processing costs but also to thermal stress and product losses. At the same time and
mostly in contradiction to the previous point, a high capacity is required for a fast
extraction and for limiting the amount of solvent flow that is necessary for quantita-
tive extract recovery.

It is obvious that solvents should have a high stability and no reactivity towards the
substances to be extracted since it is a precondition that the solvent can be used in
many extraction cycles and since the genuine raw material ingredients should be
recovered in unadulterated form.
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The ideal solvent is characterized by low viscosity and surface tension that both
enable a close contact with the material to be extracted by wetting the surface and by
penetrating into small capillaries. The yield of extract is thus increased and the speed
of extraction is accelerated.

Since a solvent is only an auxiliary medium, which has to be removed after the
separation step, it needs to feature a low boiling point in order to avoid thermal
degradation, the formation of off-flavours and the loss of top notes. Low values of the
evaporation enthalpy and specific heat, physical properties which determine the en-
ergy consumption during solvent recovery are of similar importance.

The ideal solvent should not be flammable or at least should have a high flash point
and the narrowest possible explosion interval of mixtures with air. This again is
contrary to the requirement for boiling points and evaporation enthalpy. Combustible
solvents not only require additional flame and explosion proofing, but bear the immi-
nent risk of hazardous reactions if safety guidelines are not strictly observed.

The maximum allowable working concentration of the solvent in air to which employ-
ees may be exposed is regulated by law. Solvents with small toxic potential and health
risk have high exposure values. The toxicity and other stability and reactivity aspects
are important in terms of environmental relevance, e.g. the amount of solvent that is
permitted to be vented into the atmosphere. As such the working concentration of the
solvent has an impact on the investment in and operational costs of the solvent
recovery system. It determines whether the process needs official permission and to
what extent regular inspections are necessary. If the amount of solvent to be vented is
not restricted this simplifies very much the design of the whole process, as the
different steps do not need to be sealed completely.

2.1.2.2 Near Critical Gas Solvents

Supercritical fluid extraction — also referred to as dense gas extraction or near critical
solvent extraction — means that the operational temperature of the process is in the
vicinity of the critical temperature of the solvent. Since the extraction of herbal raw
materials requires non-drastic gentle process temperatures the choice of suitable near
critical solvents is limited to pure or partly halogenated C,-C, hydrocarbons, dinitro-
gen monoxide and carbon dioxide. All these solvents, especially carbon dioxide,
exhibit favourable properties in view of the afore-mentioned aspects.

Table 2.3: General features of supercritical gas solvents

general CoO,
— adjustable selectivity — ideal critical temperature
— moderate dissolving capacity — approved for food application
— stable and inert behaviour — high purity
— high diffusion rates and low viscosity — inexpensive and readily available
— low operation temperature — bacteriostatic
— exclusion of oxygen — not flammable
— easy solvent recycling — environmentally safe
— no solvent residues — no waste stream
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Dense gases in this context have a strong lipophilic selectivity. This means on one
hand a reduction towards special substance classes that can be separated, on the other
hand it should be recognized that there is no need to replace polar hydroalcoholic
solvents which are well established and accepted without restrictions. Moreover, the
selectivity of dense gases can be adapted by density change to the separation problem
to be dissolved whereas conventional lipophilic solvents have a strictly defined sol-
vent power which cannot be influenced.

According to their high selectivity dense gases have a moderate solvent capacity.
However this disadvantage is partly compensated by their favourable mass transport
properties. Although their density is comparable to liquid organic solvents, their
dynamic viscosity is nearer to the low values of normal gases and their diffusion
coefficient is more than ten times that of a liquid //]. These values allow supercritical
gases to pass even through finely powdered materials with high mass flow rates. Thus
reasonably short extraction times can be realized despite the small capacity.

Dense gases are stable and inert. They are non-reactive towards the extract and they
can be recirculated in the process without changing their properties. The excess
pressure in the equipment prevents the entry of oxygen and damage by oxidation and
the closed extraction cycle excludes the loss of highly volatile top notes.

The solvent recovery takes place under gentle conditions and is in practice automati-
cally included in the solvent circulation. The extract is precipitated simply by lower-
ing the pressure while the temperature is kept constant or even adjusted to somewhat
lower levels compared to the extraction stage. Thus there is no thermal strain that
might lead to rearrangement or decomposition of delicate plant constituents.

Of course there are no solvent residues left in the products because gas residues
disappear very quickly at atmospheric pressure.

In addition to the general benefits, carbon dioxide which is the only solvent of
practical relevance for industrial scale processes, exhibits additional advantages. It is
a solvent generally recognized as safe (GRAS-status) for the production of food
ingredients by the FDA. It is bacteriostatic and not flammable. It is readily available
at high purity and it is inexpensive, the price being largely independent from oil price
movements.

Carbon dioxide is harmless to the environment and creates no waste products. Consid-
erable expense is thus avoided. The use of carbon dioxide as extraction solvent does
not contribute to the greenhouse effect because the gas is obtained as by-product of
fermentation processes and chemical reactions. The world-wide CO,-amount in the
atmosphere is not increased by extraction processes but only by burning gas, mineral
oil and coal.

The attractiveness of supercritical carbon dioxide extraction is shown by the already
existing industrial applications of hop extraction, decaffeination of tea and coffee,
defatting of cocoa powder, and extraction of herbs and spices and is also demonstrated
by the large number of patent applications and scientific publications in recent years.
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2.1.2.3 Solvent Character of CO,

CO,-extracts are by nature lipophilic products. To give an idea about the substance
classes which can be separated, some rules of thumb have been derived from practical
experience.

Table 2.4: Solvent properties of supercritical CO,

easily soluble — small lipophilic molecules < 400 u
hydrocarbons, ethers,

esters, ketones, lactones,
alcohols, i.e. mono- and
sesquiterpenes

sparingly soluble — depending on polarity, substances up to 2.000 u
fatty oils, waxes, resins,

steroids, some alcaloids,

carotenoids, oligomers,

water

insoluble — polar substances

sugars, glycosides,
amino acids, saponins,
tannins, phospholipids

— polymers and mineral salts
proteins, polysaccharides,
polyterpenes, plastics

All flavouring and fragrance materials which are comparatively volatile are easily
soluble (1-10% by weight), e.g. monoterpenes, phenylpropane derivatives and ses-
quiterpenes not only the hydrocarbons but also the oxygenated molecules like ethers,
esters, ketones, lactones and alcohols. All of which are typical components of essen-
tial oils.

The solubility decreases with increasing molecular weight and polarity. Fatty oils,
waxes, resins, steroids, alcaloids, carotenoids and oligomers are less soluble (0.1-1%
by weight). Also water exhibits low solubility which mainly depends on temperature,
e.g. 0.3% by weight at 50°C. Consequently lipophilic CO,-extracts derived from dried
plant materials with 10% residual moisture contain small amounts of water. This
water however can simply be removed since it is not miscible in the lipophilic extract.

Polar substances like organic and inorganic salts, sugars, glycosides, amino acids,
saponins, tannins and phospholipids are completely insoluble; so are all polymers like
proteins, polysaccharides, polyterpenes and plastics. This offers the advantage that
CO,-extracts are virtually free of these substances, especially of inorganic salts and
heavy metals. Also CO, can be useful for cleaning such insoluble materials i.e. by
removing impurities from polymers.

2.1.2.4 Selectivity

Supercritical carbon dioxide offers the possibility to change the solvent power within
a wide range by adjusting the gas density. This can be done by variation of the
parameters for temperature and, more important, for pressure. Liquefied carbon diox-
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ide in contrast is more similar to normal solvents without the possibility to influence
the dissolving power.
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Fig. 2.24: Density isotherms as function of pressure (reduced values)
1 liquid, g gas, f supercritical, CP critical point

This situation is illustrated in Figure 2.24 where the density is plotted versus the
pressure and the lines inside are isotherms. All numbers indicated are reduced values,
i.e. they are not absolute but divided by their value at the critical point.

Reduced temperatures below 1.0 are subcritical and the gas becomes liquefied with
increasing pressure. The density changes from the low value of the gas phase to the high
value of the liquid phase. Then it remains almost constant with rising pressure because
the liquid is almost incompressible. As reduced temperatures approach unity the isother-
mal compressibility of the gas rises rapidly. At values above unity in the supercritical
area there is no further liquefaction and the gas density can be adjusted continuously
with increasing pressure, which offers the option to adjust the dissolving power.

This advantage together with the fact that supercritical gas at high densities is a better
solvent than liquefied gas is the reason why modern extraction plants rather work with
supercritical than with liquefied carbon dioxide although the supercritical plant design
involves higher pressures and subsequently higher investment costs. There is even a
tendency to increase the working pressure from 300 bar before to 500 bar in order to
improve further the CO,-solvent power.

Skilful treatment with supercritical carbon dioxide thus can yield extracts with high
contents in active principles e.g. from pyrethrum flowers [2], valarian roots [3] or
chamomile flowers [4]. This method produces directly high grade products which do
not need further refining after the classical extraction.

Two different types of CO,-extracts can be produced in the field of herbs and spices.
These can be characterized as selective extracts and as total extracts. The average data
for their extraction are given in Table 2.5.

Table 2.5: Average extraction criteria for the production of selective and total CO,-extracts

type selective total
pressure (bar) 90-120 250-500
temperature (°C) 30-60 40-80
rel. amount of CO, (kg/kg) 2-10 10-60
yield (%) 0.5-5 5-40
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Selective extracts obtained in the pressure range around 100 bar contain only small
volatile molecules like mono- and sesquiterpenes. Thus they are similar to conven-
tional steam distillates (essential oils). Total extracts recovered in the pressure range
around 300 bar contain in addition higher molecular weight lipophilic constituents
like fatty oils, resins and waxes and thus are comparable to classical hexane extracts
(oleoresins). Consequently supercritical CO,-extraction is the only procedure which
produces completely different extracts from one and the same raw material on the
same equipment.

Entrainers are often recommended to modify the solvent power and selectivity of
supercritical carbon dioxide, this especially before the background to open up the
technology for the extraction of more polar components. The entrainer must be
completely miscible with the supercritical gas. This is true for most of the conven-
tional solvents, although only water and alcohol are considered to fit into the ‘natural’
process of CO,-extraction.

It should be recognized that only small amounts of entrainer (up to 5%) are reasona-
ble. Such low levels cannot change very much the polarity of carbon dioxide. If larger
amounts are necessary the high pressure process is less viable and it should be
replaced by direct alcoholic extraction. Even the small amounts destroy most of the
advantages of the pure carbon dioxide as they leave solvent residues in the extract and
raw material. Such residues would have to be removed in a second step. Additionally
new problems are created in maintaining a strictly defined and constant entrainer
concentration during the operation.

Subsequently the use of entrainers is restricted to rare and specific applications
mainly to enhance the solubility of substances on the lower edge of extractability.

2.1.2.5 CO,-Extraction Process

The process of supercritical CO,-extraction is very simple. A closed gas circulation is
divided into high and low gas density. At high gas densities, in the pressure range
from 90-500 bar, marked in Figure 2.25 by the thick line, the carbon dioxide takes
into solution the substances to be extracted. At low gas densities corresponding to
pressures of 40-70 bar this dissolving power is lost, the extract precipitates and the gas
is regenerated.
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Fig. 2.25: Diagram of a dense gas extraction plant, letters A-G refer to Figure 2.26
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Fig. 2.26: Extraction circuit A-G in the t,s-diagram of carbon dioxide
CP critical point, V isochors with density indication, g gas, l liquid, f supercritical

In detail the extraction plant has a working tank that provides the carbon dioxide
necessary for the process. In the tank at about 60 bar and ambient temperature the
liquefied carbon dioxide is in equilibrium with the gas phase (A). Before entering the
pump the liquid gas is cooled to avoid cavitation (B). The pump then isentropically
increases the pressure to the extraction value of 100 bar (C) respectively 300 bar (C’)
for example. In the next step the extraction temperature is adjusted mostly to 40°C (D,
D’). Then the dense CO, is passing through the material in the extractor and takes the
lipophilic components into solution.

After leaving the extractor the pressure of the fluid is released by the expansion valve
to the low level of 60 bar again by which the gas is cooled down and partly liquefied
(E, E’). The liquid part is evaporated (F) and the temperature adjusted to a value near
30°C (G) by flowing through a heat exchanger. The CO, has now lost its solvent
power, the solute is precipitated and collected in the separator. The gas coming out of
the separator is regenerated and liquefied (F, A) again in the condenser before flowing
back into the working tank and closing the cycle.

All parameters are exactly controlled and regulated in order to have a well standard-
ized extraction procedure. It is obvious from the isochores in the t,s-diagram that
under extraction conditions (D) gas densities from 0.6 to 0.9 are realized whereas in
the separation stage (G) the density is less than 0.2.

2.1.2.5.1 Extraction of Solids

CO,-extraction is best suitable for dry botanical materials, i.e. with a water content of
about 10%. For fast and complete extraction the material needs conditioning which is
achieved by cutting and powdering mills and by pelletisation which is recommended
for materials with low bulk density, i.e. herbs and flowers.

For extraction the gas passes through a fixed bed of the raw material and removes the
soluble components from the solid particles in the direction of the solvent flow. The
yield vs. the specific solvent consumption in kg CO,/kg substrate gives in the first
period a straight line representing the maximum efficiency under the initial condi-
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tions. The extraction curve flattens asymptotically in a second phase of the extraction
due to a reduced gas loading when the final yield is approached.

In order to increase the efficiency of such a batch process and to reduce the inconven-
ience of discontinuous operation when the extractor is decompressed and opened for
replacing the spent material against fresh one the extraction volume is spread over
three or four vessels. These are switched into the gas circulation in a battery-type
sequence utilizing the countercurrent principle. This means the extractor containing
already depleted material is first contacted with the fresh gas and the extractor with
the fresh material containing the full extract concentration is contacted in the second
or last position in order to benefit as much as possible from the dissolving capacity of
the gas.

The handling can be simplified by providing special quick-acting closure types to the
extraction vessels and in some cases by using baskets to bring the raw material into
the extractors (Fig. 2.27). We still have the disadvantage of additional energy con-
sumption for recompressing the freshly filled extractors.

Fig. 2.27: Supercritical CO,-extraction plant

This batch mode operation for solids even if quasi-continuous and according to the
countercurrent principle affects the economics and restricts the application to prod-
ucts which provide a certain added value or to separation cases which cannot be
solved otherwise. For this reason large-scale operations like the production of vegeta-
ble oils is still the domain of hexane extraction, but there are many other examples
where the CO,-process is highly competitive or offers new unique possibilities and
solvent-free products.

2.1.2.5.2 Extraction of Liquids

Truly continuous is the extraction of liquids if the extractor is replaced by a column.
The liquid is pumped continuously onto the head of the pressurised column and flows
down by gravity. Supercritical fluid extraction is normally operated in the so-called
droplet regime and not in the film regime. This means the liquid in contact with the
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supercritical gas breaks up into droplets. A large surface is created by coalescence and
redispersion of the droplets by impingement. The type of column packing has no
significant influence on the separation efficiency in the droplet regime but can influ-
ence the capacity. In most cases the column is equipped with a regular stainless steal
wire mesh type of packing.

While the droplets are falling down in the continuous dense gas phase, which is
moving in countercurrent mode from the bottom to the top, some components are
dissolved and carried out as extract into the separator whereas the insoluble part is
collected and withdrawn from the bottom of the column as raffinate. This is illustrated
in Fig. 2.28 as trickle flow mode. Examples are the deterpenation of citrus oils, the
deacidification of vegetable oils, the separation of alcohol and water and the enrich-
ment of carotenes or of EPA- and DHA-fatty acid esters from fish oils.

trickle flow mode bubble flow mode
liquid feed extract liquid feed extract
[ >
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sc-gas raffinate sc-gas raffinate

Fig. 2.28: Operation modes of a column for dense gas extraction

A different mode of operation, characterised as bubble flow, is possible if the contin-
uous phase is the liquid to be extracted. The liquid level is kept constant at the top of
the column and the supercritical gas which is introduced at the bottom is bubbled
through the liquid for extraction. This method is mainly used if small amounts of
dense gas are sufficient for complete extraction, i.e. if the solvent ratio of dense gas/
liquid feed is around 1 kg/kg. Examples are the extraction of flavours from wine and
fruit juice where only very small amounts of extract can be expected.

It is a precondition for both operations that the density of the liquid pumped onto the
top of the column is higher than the density of the supercritical gas. The difference
should be large enough in order to give a proper phase separation. If, at very high
pressures, the gas density surpasses the liquid density a so-called barotropic phase
inversion can be observed at which the liquid ‘swims’ on the dense gas.

The liquid feed can also be introduced into the column at an intermediate position
which separates the column in an enriching and a stripping section. It is possible to
create an internal reflux by temperature change in the upper section of the column or
an external reflux for improving the separation efficiency. More details on column
operation and some application samples are given in a recent review article [5].
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2.1.2.6 Extraction of Flavourings

The most important procedures for producing natural flavourings and volatile aro-
matic oils are steam distillation and selective CO,-extraction, both of which will be
compared more in detail.

Steam distillation is based on an aceotropic or carrier-gas distillation of two immisci-
ble liquids. Due to the unfavourable ratio of vapour pressures and thus of mole
fractions in the distillate, large amounts of water must be evaporated for the separation
of small amounts of essential oils. This is connected to long distillation times at
around 100°C and a considerable thermal stress leading to the formation of artefacts,
oxidation and isomerisation to a certain extent. Moreover the water itself can be a
reactant and hydrolyse terpene esters that make up the core of a flavour; terpene
alcohols remain partially dissolved in the water and thus are lost from the essential oil.
All this can modify the essential oil composition and change the original typical
flavour impression.

Other disadvantages are enzymatic processes especially during the heating-up phase
of the water giving some off-flavours and cooking notes. Last but not least some
chemicals are often added to the water in order to keep the distillation chamber and
heat exchanger clean or to prevent foaming. Also, some essential oils need solvent
addition in the collecting vessel for a better phase separation which might be a
problem for really pure and natural products.

The positive aspects of steam distillation are the simple method, the universal appli-
cation and the inexpensive equipment. Also, steam distillation is suitable for fresh
plant material and production in place or even in the field is possible.

CO,-extraction, in comparison, is a more complex technology using more expensive
equipment than steam distillation. The method has a limited suitability for fresh
materials and is not recommended for floral fragrances which should be produced
from fresh flowers immediately in place. The CO,-oils are slightly more coloured
than steam distillates and they can contain some wax traces.

CO,-extraction is, however, a rapid and gentle procedure working under the exclusion
of oxygen which better preserves the genuine composition of the flavouring compo-
nents. There is no loss of top notes and the back notes which are made up of less
volatile and sensitive oxygenated sesquiterpenes are fully preserved as well. This also
applies to the core notes since the hydrolysis of terpene esters or the loss of terpene
alcohols is largely avoided during CO,-extraction. Thus a representative essential oil
composition can be expected in the CO,-extract near to the botanical raw material and
with a typical fresh flavour impression. The difference in composition between steam
distillates and selective CO,-extracts are presented below based on some practical
examples.

2.1.2.6.1 Hydrolysis

The first example is clove bud oil which is composed mainly of caryophylene,
eugenol and eugenylacetate. For oil production clove buds were cold milled and one
part of the powder was CO,-extracted, the other part steam distilled. The yield was
14.8% in both cases. The oils were analysed by GC-F1D and the composition of the
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volatile ingredients was calculated by the 100% method. For comparison purposes a
third clove bud oil which was steam distilled in origin was also analysed. The eugenol
and eugenylacetate content of all three oils is given in Table 2.6.

Table 2.6: Constituents of different clove bud oils

clove bud oil clove bud oil
(same material) (different material)
CO,-extracted steam distilled in lab. | distilled in prod. scale
eugenol 67.2 74.6 85.0
eugenylacetate 16.8 8.6 0.4
total 84.0 83.2 854

Whereas the sum of eugenol and eugenylacetate is fairly constant in all three oils, the
eugenylacetate is hydrolysed into eugenol and acetic acid during steam distillation by
50% in the oil produced under gentle conditions on a laboratory scale and almost
completely in the oil of different origin distilled on a production scale. The ester
degradation is connected to a noticeable flattening of the clove bud flavour impres-
sion.

The clove bud oil might be a drastic example for ester degradation since the excep-
tionally high oil content needs long distillation times and stressing distillation condi-
tions. There are, however, other samples where the same problem is found to a smaller
extent, e.g. for linalylacetate which is a main constituent of lavender oil.

Terpene esters are also important in cardamom oil which depending on the raw
material has 25-45% terpenylacetate and 3-6% linalylacetate. Cardamom fruits of TA
green quality from Guatemala were steam distilled or CO,-extracted and the oils were
investigated by gas chromatography for their ester content. Quantification was done
with menthol as internal standard and for comparison the values were calculated as
milligrams of linalylacetate or terpinylacetate in 100 g of cardamom fruits. CO,-
extraction gave 354 mg linalylacetate in 100 g fruits, which was more than three times
the amount of the steam distillate of 101 mg in 100 g. Hydrolysis was less pronounced
for terpinylacetate giving values of 2147 mg/100 g and 1992 mg/100 g, respectively.

Another interesting example is the breakdown of sabinenehydrate acetate (Fig. 2.29),
a typical and important flavour component of marjoram oil. This molecule is easily
hydrolysed to sabinenehydrate which is subsequently transformed by dehydration into
sabinene, a monoterpene hydrocarbon. Sabinene itself can be isomerised to the more
stable terpinenes and terpinolene and even oxidised to terpinene-4-ol. It is clear that
this whole reaction chain, which is quantified in Table 2.7 for marjoram oil, means a
change in the olfactive property, especially since the sabinenehydrate and its ester are
most important for the marjoram oil character.
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Fig. 2.29: Schematic of the breakdown of sabinenehydrate acetate

Table 2.7: Typical composition of marjoram essential oil (%)

substance CO, | steam
sabinenehydrate acetate 20 3
sabinenehydrate 35 20
terpinene-4-ol 5 20

2.1.2.6.2 Isomerisatian and Oxidation

Fennel oils are composed mainly of phenylpropane derivatives, the different anethol
isomers making up 60-80% of the oil, followed by fenchone, a bicyclic monoterpene
lactone making up 10-35%, and monoterpene hydrocarbons, mainly limonene, with a
content of up to 10%.

The essential oil of fennel seeds from the USA, Germany and India was separated by
steam distillation or selective CO,-extraction. Both procedures gave similar essential
oil yields of about 6% for the German and US material (bitter fennel) and 2% for the
Indian material (sweet fennel). Under stressing conditions the main component, trans-
anethol (sweet taste), can be isomerised into cis-anethol (not sweet), or can be oxi-
dised to anisaldehyde, as shown in Fig. 2.30. Both compounds can simply be detected
by HPLC-UV as trace components in fennel oils. Their content should be as low as
possible, since fennel oil with more than 2% of anisaldehyde is considered to be
spoiled by oxidation and cis-anethol has a 15-times higher toxicity compared to the
natural trans-isomer.
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The result of the HPLC analysis is summarised in Table 2.8. It is significant that all
three fennel varieties had 10-13 times more anisaldehyde in the steam-distilled than in
the CO,-extracted oil. Also, the cis-anethol content was 1.2-2.3 times higher in the
steam distillates. This finally means a loss in essential oil quality during the steam
distillation procedure.
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Fig. 2.30: Isomerisation and oxidation of anethol

Table 2.8: Selected trace components in essential fennel oils (%)

compound fennel (Germany) fennel (India) fennel (USA)
steam Co, steam Co, steam Co,

cis-anethol 0.08 0.07 0.25 0.11 0.14 0.09

anisaldehyde 0.19 0.02 4.15 0.30 0.89 0.06

In order to verify further these results the same investigations were carried out with
anise seeds from Turkey and star anise from China which both contain trans-anethol
as the main constituent. The formation of aldehyde during steam distillation was less
pronounced compared to the fennel oils, although a 1.6-2.6 times higher content of
anise aldehyde was detected in the steam distillates compared to the CO,-extracts.
The cis-anethol content was increased by 50% for the distillates, which confirms the
results found for the fennel oils.

In summary, it can be said that there is less oxidation and isomerisation observed for
CO,-extraction compared to steam distillation, which is an important quality feature for
CO,-extracted essential oils even if this refers only to trace components in these oils.
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2.1.2.6.3 Specific Artefacts

There are other cases where steam distillation is responsible for more specific prob-
lems of artefact formation which can be avoided if CO,-extraction is applied for
essential oil separation. One example is the blue colour of distilled German camomile
oil. This is caused by the transformation of matricin, which is the genuine plant
ingredient, into chamazulene [4]. Both substances have anti-inflammatory properties
but the matricin, which is preserved during CO,-extraction, is believed to have the
better efficacy. Also, the sensitive fragrance of camomile flowers is better preserved
in the CO,-extract than in the steam distillate.

The degradation of the thermo-sensitive sesquiterpene ketones in calamus oil has also
been well investigated. Under the influence of heat the genuine and characteristic
acoragermacrones are decomposed into shyobunones [6].

2.1.2.6.4 Conclusion

The examples discussed above clearly demonstrate that CO,-extraction is a more
gentle procedure than steam distillation. The smaller processing stress widely avoids
the formation of artefacts. Therefore CO,-extracts often have a better efficacy or a
richer aroma profile reflecting the complete flavour or fragrance spectrum of the
herbal raw material. This is also confirmed in the literature where professional fla-
vourists have compared the aroma profiles of CO,-extracts, essential oils and oleores-
ins for a range of different spices [7]. Moreover CO,-extraction is carried out under
precisely standardised and controlled conditions which allow reproducible results.
Since CO,-extracts have their own character different from the usual distillates, they
are new and powerful means for flavourists and food technologists to modify, improve
or boost existing products or to create new premium flavour qualities.

The advantages of gentle process conditions apply also to the production of CO,-total
extracts as opposed to solvent oleoresins. Thus it is possible to extract unstable
valepotriates from valerian root without decomposition [3] and to extract the bitter
principle artabsin from wormwood leaves without transformation to dihydrochamazu-
lenes [8]. Supercritical ginger extracts have a high content of flavour oils and of
pungent gingerols but a very low shogaol content which is formed by dehydration of
gingerols. Supercritical extraction of antioxidants from rosemary and sage gives a
high-grade composition of active diterpene phenols with the genuine carnosolic acid
as the main constituent [9]. During other extraction procedures this is more or less
decomposed into carnosol, which nonetheless still has antioxidant properties.

Supercritical extracts therefore have a unique and concentrated spectrum of lipophilic
ingredients. They have the general advantage of being free of solvents, inorganic salts
and heavy metals. They are practically sterile [/0] and they need no preservatives
since they do not provide a base for germ growth due to the absence of water, proteins
and polysaccharides. All this allows a safe application and simple declaration.

Supercritical extracts anticipate legal requirements and the consumer’s expectation
regarding safety, naturalness and purity in food production, and they set market
trends. The advantages described above are summarised in Table 2.9.
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Table 2.9: Advantages of CO,-extracts

— no thermal degradation

— no hydrolysis

—no loss of top notes

— full content of back notes

— high concentration of valuable ingredients
<> superior organoleptic quality

— no solvent residues

— no inorganic salts or heavy metals

— no microbial activity

<> clean products

— conformance with all regulatory requirements
— meet consumers’ expectation

— no export restrictions and simple declaration
— compatible with kosher criteria

— compatible with certified organic criteria

<> safe in the future

2.1.2.7 Economic Considerations

The extraction costs of solids depend on several factors. One is the specific solvent
ratio, kg CO,/kg raw material, which is required to achieve the intended extraction
result under optimised process conditions. The usual aim is to separate 85-95% of the
valuable extract components; a more complete extraction might not be economic. The
solvent ratio is determined by the amount and the solubility of the extract to be
separated from the starting material. In most cases the solvent ratio used for extraction
is between 5 and 50 kg CO,/kg material.

For economic reasons it is best to do the extraction as fast as possible by increasing
the flow rate of the supercritical gas. This is, however, limited by the pressure drop
from inlet to outlet of the extractor which should not exceed 10 bar in order to avoid
compaction and channelling. The maximal flow depends on the geometry of the
extractor and on the nature and particle size of the material. Other limiting factors
especially towards the end of the process are diffusion and mass transfer kinetics
which require time rather than large amounts of solvent.

For low solvent ratios and very fast extractions, e.g. if the raw material contains only
1% of essential oil to be removed, it should be considered that the exchange of spent
vs. new material including de- and re-pressurisation takes 45-90 minutes depending
on the size of the extractor even if baskets are used for material handling. In such
cases were the extraction time is shorter than the handling time the gas flow can be
reduced for energy savings.
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Another parameter affecting the economics of the process is the bulk density of the
material, i.e. the amount that can be filled in the existing high-pressure volume.
Finally the size of the extractor and the total amount of material to be processed are
important since it makes a difference in terms of capacity if there are more or less
changes of product type in a certain period which all are connected to a thorough
cleaning and the exchange of the gas filling in the working tank in order to avoid cross
contamination.

A 3 x 500 litre multipurpose extraction plant which is operated 250 days, for 24 hours
each day, and with a change of raw material every two weeks has a capacity of 500-
600 tons of botanical material a year and the extraction expenses are estimated to be
€ 3 (£30%)/kg feed in total. Costs of the raw material and raw material conditioning
have to be added, as well as the costs of analysis and marketing if applicable. This
price can be considerably reduced to about € 1/kg solid feed or less if there are no
product changes, if the hardware layout is adjusted to the feed material to be proc-
essed, if the extract separation from the gas is optimised and if the scale of the
installation is increased.

A breakdown according to cost centres reveals that investment costs (interest and
depreciation) are the major cost factor of production at about 40%, followed by
personnel, energy, consumables, maintenance and administration expenses. A more
detailed description including plant price indices, operating expenses and profitability
as well as more details on supercritical extraction mechanisms and modelling of solid
botanical matrices and a presentation of the Latin American scenario are given in a
recent review article [11].

There are many examples demonstrating that SFE is competitive compared to other
procedures for the extraction of solids as well as of liquids on an industrial scale.
Supercritical extracts are today no exotic novelties; they are widely included in our
daily food, food supplements and cosmetics.

2.1.2.8 Other Applications

Apart from the extraction of botanicals with the aim of obtaining a valuable extract
(e.g. hops, herbs and spices) or a purified botanical feed material (e.g. decaffeination
of green coffee beans and tea leaves, pesticide removal from ginseng roots), the same
principle can also be applied to other substrates. Supercritical or liquefied gases are
used for cleaning polymers, adsorbents, catalysts and electronic semiconductors, for
working up grinding debris of glass or metallic type, for cleaning wastewater and
contaminated soils and for refinement of spent mineral oils.

CO,-extraction is in the course of being commercialised in dry cleaning machines for
textiles, replacing harmful chlorinated solvents, and impregnation procedures have
been developed for the colouring of textiles and plastics and for wood preservation in
more eco-friendly processes, all these being huge fields of application. Pressurised
CO, is applied for drying procedures, for tobacco expansion, in processes of pest
control and for pasteurisation of fruit juices. Compressed CO, can be used in heat
pumps and air conditioning machines and it is used for mobilising viscous dead oil in
mineral oil production. Supercritical water oxidation is a recent procedure for destroy-
ing toxic and problematic waste materials.
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Supercritical CO, is used in different procedures for the formation of small particles,
and also as an antisolvent to precipitate substances out of a solution in conventional
solvents. Such small particles improve the dissolving kinetics of pharmaceuticals and
are a precondition for inhalative applications. Dense CO, is applied as a solvent for
reactions and chemical synthesis, e.g. for hydrogenation of vegetable oils, and it is
increasingly important for preparative-scale chromatographic separations which re-
quire large amounts of solvent that can be simply recycled in the supercritical process.

The driving forces for all these applications, which are partly under development and
partly commercialised, are the improved cost effectiveness and legal and environmen-
tal pressure for sustainable and non-polluting processes and solvent-free products.
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2.1.3 Distillation

Manfred Ziegler
Martin Reichelt

2.1.3.1 Introduction

Distillation and rectification are among the most common physical separation meth-
ods, both on a laboratory scale and for industrial production, which have encountered
widespread application in the flavour and fragrance industry. It is the intent of the
following discussion to familiarise the reader with the basic fundamentals necessary
for the daily operation of such units; extensive literature is available on the theoretical
and practical aspects of designing and operating such equipment /7-9].

The development of this important thermal separation process can be dated back to
ancient times. Until the end of the 18" century, however, the structure of the distilla-
tion apparatus had remained almost unchanged. It consisted of an evaporation unit, a
distillation flask heated by an oven, and a condensation unit with an air- and later
water-cooled condenser. In the early 19" century, progress in distillation techniques
was spurred by the necessity to produce sugar in Europe; this politically motivated
development resulted in numerous patents for the production of alcohol. Depending
on the different starting materials, a number of distillation units and the first rectifica-
tion columns were developed in various European countries //0]. The 19" and 20"
centuries saw a rapid development of distillation technology prompted by increasing
applications in the petrochemical, chemical and pharmaceutical industries.

2.1.3.2 Fundamental Considerations

Distillation is a process for the thermal separation of liquid mixtures, where the
mixture is separated by boiling the liquids, condensing the vapour and collecting the
components according to their boiling points. The fundamental principle of this
separation is the fact that the liquid phase possesses a different composition than the
corresponding vapour phase [//]. The distillation process can be carried out in
discontinuous or continuous mode of operation. In discontinuous operation, the distil-
late is fractionated with an increasing ratio of less volatile components. In the contin-
uous mode, a constant feed is introduced into an instant evaporator and the low-
boiling constituents are separated from the high-boiling constituents in the mixture.

Distillation can be carried out as equilibrium, flash or carrier distillation. Equilibrium
distillation proceeds under isobaric conditions, whereas flash distillation is achieved
by heating the feed at higher pressure and expanding the vapour. In flash distillation,
the overheated entering feed is expanded in the vapour-liquid separator where, under
adiabatic conditions, the vapour cools down and partial separation with one theoreti-
cal stage is achieved. In carrier distillation, boiling of the liquid mixture is facilitated
by the addition of a vaporised agent. The agent should not dissolve in the liquid feed
in order to add up to the vapour pressure of the components in the mixture for the total
operation pressure.
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In multistage distillation, successive stages are employed, and in every stage the more
volatile compound of the mixture will be present in higher concentration. In order to
obtain the more volatile component in higher purity in one stage, countercurrent
distillation (rectification) is employed. In rectification, the generated vapour is intro-
duced into a column in which a part of the condensate is in countercurrent with the
vapour. During the intensive contact of the countercurrent phases of vapour and
reflux, a mass and energy transfer occurs and the component with the lowest boiling
point is enriched towards the top of the column.

2.1.3.2.1 Influence of Pressure

Apart from temperature, distillative processes are dependent on the total operation
pressure. The correlation between boiling point and total pressure can be depicted
with vapour pressure curves (Fig. 2.31)

Vapour Pressure P

Boiling Temperature T

Fig. 2.31: Vapour pressure curve

Since many flavour compounds are sensitive to heat, oxygen and light, the application
of gentle distillation methods is indispensable.

As the vapour pressure curve shows, the boiling point of a compound can be lowered
by reducing the total pressure; this also has consequences on equipment design.
According to the law of Boyle and Mariotte, p * V = constant, the volume of gases
increases under reduced pressure. These higher values have to be taken into account
when calculating evaporation and condensation areas.

Pressure Range
The following distinctions are made with distillative methods:
overpressure

normal pressure at 1000 mbar
coarse vacuum up to 1 mbar
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medium high vacuum up to 10~ mbar
high vacuum up to 10~ mbar

Most distillation equipment works at the coarse vacuum level. It is necessary to study
the kinetic gas theory in order to understand the conditions under medium high or
high vacuum. This theory maintains that a gas consists of a large number of molecules
which move in straight lines at various speeds. Collisions between the molecules or
with the wall can change the individual molecular speed, but the speed distribution
remains the same. The average speed of the molecules depends on the type of gas and
on temperature. At the same temperature, lighter gases move on average faster than
heavier gases and, for example, air exhibits an average speed of about 450 m/s. A
mole diameter of 107 to 10”7 cm results in

coarse vacuum in a particle number of appr. 10'” per cm® and an aver-
age free path length of appr. 10~ cm.

high vacuum in a particle number of appr. 10> per cm® and an aver-
age free path length of above 5 cm.

With pipe diameters of this size, the molecules do not collide with each other, but
solely with the walls of equipment and tubes. Therefore, different flow laws apply
here than at higher pressures where the molecules collide mostly with each other.
With vapours that are sensitive to heat, the collision numbers at distillation tempera-
tures are in the hundreds of thousands. This has a negative impact on the gentle
handling of the substance to be distilled. All these factors have to be taken into
account for the correct evaluation of the type and size of the vacuum pumps, the tubes
and the other distillation equipment.

2.1.3.2.2 Vacuum Generation

Pumping capacity, the required forevacuum and the final vacuum have to be taken into
consideration for the correct selection of a vacuum pump [/2]. Pumping speed is
defined as the gas volume L or m® fed per time unit. It also depends on the pressure at
the pump’s intake port: the more the pressure is reduced, the smaller the pumping
speed. Vapour jet pumps, such as steam ejectors or oil ejectors, can compress the
sucked-off air only up to approximately 1 mbar. This pressure limit is also called
‘stability of forevacuum’. The final vacuum is defined by the vapour pressure of the
propellant.

Single-stage or two-stage rotary vane pumps with gas ballast reach medium high
vacuum, whereas vapour jet pumps, depending on the propellant, reach high vacuum.
Frequently, volatile substances are present and their vapours, therefore, require a huge
volume of space under vacuum. In order to increase pumping speed, the use of large
pumps would be necessary. The use of condensers before entering the pumps is,
therefore, called for. Usually water-cooled condensers suffice; cold traps, e.g. liquid
nitrogen, are required under high vacuum.

Liquid seal pumps are frequently employed as mechanical pumps in the coarse vac-
uum range. During the pump’s rotation, a water ring forms as a result of centrifugal
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forces. As the rotor is mounted eccentrically, a pump chamber forms on the pumping
side which decreases on the pressure side. Air is introduced on the pumping side and
thrust out on the pressure side. When liquid seal pumps are in tandem arrangement,
pumping speed and final vacuum can be improved up to the vapour pressure of water,
appr. 10 mbar.

Oil seal pumps, such as rotary vane or single-lobe pumps, are generally employed for
medium high vacuum. In order to pump off small amounts of condensed vapour, a
measured amount of fresh air is introduced into the pump’s chamber. This allows the
removal of vapours before condensation and improves the final vacuum. Ballasting is
therefore performed if condensed vapours reduce the vapour pressure of the pump oil.
Alternatively, fresh lubricated rotary vane vacuum pumps, which offer advantages
when aggressive vapours are present, can be employed. Rotary vacuum pumps
equipped with two stages and special oil can be used up to 10~ mbar. In the medium
high vacuum range, the pumping speed of these vacuum pumps does often not suffice.
A rootspump can be inserted before the rotary vane pump in such cases. These are
displacement pumps with two pistons which run counter-rotatingly with a high
number of revolutions, resulting in large suction power.

Vapour jet pumps fulfil a similar purpose, as they also improve the pumping speed of
rotary vacuum pumps. The vapour jet of a high-boiling propellant flows through
nozzles and thus vapours and gases are sucked off. The propellant is condensed in a
cooling funnel and flows back into the boiling flask.

In the high-vacuum range, fractionating vapour jet pumps are employed as diffusion
pumps after oil seal vacuum pumps. These vapour jet diffusion pumps are equipped
with especially constructed nozzles with a diffusion slot. The working range of this
type only starts in medium high vacuum and leads to high vacuum or molecular
distillation.

The following pump combinations result:

coarse vacuum liquid seal pump or water jet pump + steam ejector

medium high vacuum  oil rotary pump + oil ejector or rootspump

high vacuum two-stage oil rotary pump + vapour jet diffusion
pump

The connection between pump and distillation unit also requires consideration. As
large gas volumes are present under vacuum, pipe connections have to be short and
wide. If the pipe diameter is too small, a pressure loss results and the pump’s suction
efficiency decreases. The pressure loss due to the flow conductance is the reciprocal
sum of all connecting parts from the pump to the distillation unit. With short pipes at
least the diameter of the pump’s intake port has to be selected; longer pipes require
correspondingly larger pipe diameters. Pump manufacturers (see 2.1.3.5) usually
provide the necessary information.

2.1.3.2.3 Heat Generation

Since the process of distillation is based on the evaporation of components, heat has
to be introduced. The heat required for vaporising a single component is the sum of
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the energy necessary for reaching the boiling point and of the energy for transferring
the component into the gaseous phase. The latter constitutes the molar evaporation
energy of a single component and is approximately proportional to the boiling point
in kelvin.
The molar evaporation enthalpy is described by Trouton’s law:

Hy=keT

H,, : molar evaporation energy

T: boiling point in kelvin

k: constant

For the majority of chemical compounds, Trouton’s constant is between 80 and 105
kJ/(mol K).

When calculating the parameters for the design of a distillation unit, the assumption
is made that Trouton’s law applies. The energy necessary for heating up and evapora-
tion can be transferred by

1. direct heat achieved by:
— electrical resistance heating
— electrical energy of low or high frequency
— introduction of saturated or superheated steam

2. indirect heat achieved by:
— low-pressure steam, up to 8 bar and 170°C
— high-pressure steam, up to 30 bar and 230°C
— superheated steam, up to 500°C
— heat transfer fluid, up to 300°C.

The most common source of indirect heat is steam in combination with heat exchang-
ers or double jackets. The heat capacity introduced into the apparatus depends on the
heat transfer coefficients, the heat exchange area and the temperature difference
between steam condensation temperature and product temperature.

The advantages of steam are the excellent heat transfer coefficient (>6000 W/(m?* K)),
the constant temperature over the whole exchange area and the fast and convenient
regulation of heating by means of a throttle valve. Lowering the steam pressure leads
to lower condensation temperatures [/3].

The advantage of heat transfer fluids is the low operation pressure even at high
temperatures [/4]. Disadvantages of this heat medium are the temperature differences
over the heat exchange area and the difficult heat regulation. Changes of the flow rate
through valves have an immediate influence on the heat transfer coefficient. These
variations can be reduced by employing a secondary heat transfer fluid cycle.

The heat transfer also depends on the heat conductivity of the material employed
(glass, stainless steel or copper). Therefore the following points should be taken into
account:

— chemical resistance
— catalytic influences
— pressure resistance
— visibility of the processes (glass as material).
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2.1.3.3 Thermodynamic Fundamentals of Mixtures
2.1.3.3.1 Equilibria, ideal - nonideal

In order to describe the principles of distillation, the following thermodynamic con-
cepts should be taken into consideration [/5-17]. The liquid phase is in equilibrium
with the vapour phase when their chemical potentials are equal. Since the chemical
potential is dependent on temperature and pressure, one parameter is always kept
constant for the thermodynamic description of distillation.

Mixtures of liquids exhibit ideal behaviour when their intermolecular forces are equal
among and between themselves, their partial enthalpies are independent of concentra-
tion and equal to the molar enthalpies of the pure components. In this case they obey
Raoult’s law, which states that the partial vapour pressure of a component is propor-
tional to its mole fraction in the liquid mixture:

Pi=Pio * X

P,: Vvapour pressure of the pure component

x;: mole fraction of component in the liquid phase

p:  partial vapour pressure of the component
As the partial vapour pressures of the individual components add up to the total
pressure, the more volatile component accumulates in the vapour phase. This fact
constitutes the basis of distillation. The ideal relative volatility factor then results from
the vapour pressures of the pure components:

Pio

o, =—"
ij Py
and provides information on the distillative separability of the components. Together
with Dalton’s law, the relationship between the mole fraction of the vapour phase and
the mole fraction of the liquid phase is defined as
a'ij . Xi

YT e (o - )

Graphical depiction of an ideal binary mixture results in the equilibrium phase dia-
gram shown in Fig. 2.32.
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Fig. 2.32: Phase diagram with equilibrium curves for various relative volatilities of a binary
mixture

The larger the relative volatility factor the more the curves deviate from the bisecting
line of an angle, resulting in an improved distillative separability. Unfortunately, most
mixtures do not exhibit ideal behaviour. The components do not act independently of
each other and instead of Raoult’s law the following correlation applies for the partial
vapour pressure:

Pi=Pio® &
In this case, the real behaviour of the liquid phase is expressed by the activity a;:

4 =X *
Here the activity coefficient y is also dependent on concentration:

limy=1

x;—1

Applying Dalton’s law, the mole fraction y, of a component in the vapour phase can
be expressed as
Pipe Yie X;
®i*Pg
Here the fugacity coefficient ¢ demonstrates nonideal behaviour of the vapour phase:

Yi=

lime, =1

p—l

The pressure dependency of the fugacity coefficient leads to the following integral
over the pressure p:
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1

RT
In the gas law for real gases, the molar volume V., can be expressed with one or two
virial coefficients according to the equations from Redlich-Kwong or Prausnitz [18,
19]. With low pressures, the dependency of the fugacity coefficient can be neglected.
The relationship between the composition of the vapour phase and the corresponding
liquid phase can be depicted in equilibrium phase diagrams. These equilibrium curves
are either measured at constant temperature or pressure.
As the activity coefficient can be smaller or larger than 1, real mixtures with vapour
pressure maxima and minima exist.

ln(Pi: .J\/i_%dp

vapour pressure minimum: v, <1 maximum azeotrope, e.g. HNO,/H,O
vapour pressure maximum: y; > 1 minimum azeotrope, e.g. C,H;OH/H,O

-

s 1 Minimum Azeotrope

2 Maximum Azeotrope

Mole % Vapour
~

Mole % Liquid

Fig. 2.33: Equilibrium diagram

In Fig. 2.33, the equilibrium curves intersect with the bisecting line of an angle, an
azeotrope mixture is present and the vapour phase possesses the same composition as

the liquid phase.
The free excess enthalpy takes the real behaviour of the components in a mixture into
account:

G*=RTeXx elny,

At constant temperature and pressure, the concentration-dependent activity coefficient
can be determined from the free excess enthalpy by differentiation through the mole
fraction. These equations are the basis for the methods of Wilson and Prausnitz to
calculate the activity coefficient [/9, 20]. The Gibbs-Duhem equation is again a
convenient method for checking the obtained equilibrium data:

%(X; ¢ Olny, IX)zp =0
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This leads to the following equation for binary mixtures:

dlny, N dlny,
ox, ox,

Phase equilibrium data have been measured for many binary mixtures with a special
apparatus and are available in compiled form. These McCabe Thiele diagrams show
the mole fraction of volatiles in the liquid phase in relation to the mole fraction of
volatiles in the vapour phase in equilibrium at constant pressure (21, 22].

X, o e X,=0

The vapour pressure dependency on temperature for a component can be calculated
with the Clausius-Clapeyron equation:

dln p = (H,/RT?) dT

2.1.3.3.2 Rectification

A column in which the ascending vapour is in contact with the refluxing liquid is used
for this purpose. The reflux is generated by an overhead condenser. Due to the phase
transfer in the column, a height equivalent of theoretical plate HETP can be defined
where the two phases, liquid and vapour, are in thermodynamic equilibrium. The
theoretical plate number is defined as

n, = H/HETP

It is dependent on the mass transfer across the interface of a two-phase system. The
maximum transfer rate is obtained when all three terms reach high values in the
following equation:

N=KeAeAc

N: mass transfer rate

K: mass transfer coefficient

A: interfacial area

Ac: concentration difference in the phases
The mass transfer coefficient depends on the flow condition of gas and liquid phases,
the interface area is influenced by the geometry of the column internals and local
velocity of the two phases. The largest driving force for the mass transfer is the
concentration difference when the two phases are uniformly distributed over the entire
flow area. This is achieved when a countercurrent flow pattern of the two phases
without remixing is reached in a theoretical plate.

The two-phase flow is influenced by the interior construction of the column. The
internals provide a large mass transfer rate through the intensive contact of gas and
liquid due to the formation of dispersions. Depending on the vapour-liquid loading
and the individual column construction, different flow regimes and residence times of
the two phases occur. The main forms of dispersion are the bubble regime with
continuous liquid phase, the drop regime with continuous vapour phase and the froth
regime where no clear dispersed phase exists and the gas-liquid layer is intensively
agitated. This leads to the exchange efficiency S, of the different columns and the
actual plate number can be expressed as

Sy =1ny/n,
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Also for calculation purposes, in every theoretical plate the ascending vapour is in
thermodynamic equilibrium with the refluxing liquid. Therefore, together with the
mass flow and the mole fractions, the calculations in the rectification unit are per-
formed from plate to plate. The minimal theoretical plate number can be graphically
and analytically solved by the method of Fenske, using the following assumptions:

— constant mass flow
— constant volatility coefficient
— indefinite reflux ratio.

The first method employs the phase diagram where steps are inserted between the
equilibrium curve and the diagonal (Fig. 2.34).

1 [3

—

S|
o]

] Xy —> 1
Fig. 2.34: Continuous distillation process with large reflux

The second one uses the mole fraction of the volatile component at the head and sump
and the relative volatility factor o

Xp . (1-x3p)
_ (1-xp) Xp

thmin

-1 Xg: mole fraction of volatile at bottom
lgo Xp: mole fraction of volatile at head

Since the aim of distillation is to remove a distillate, a definite reflux ratio must be
employed. The reflux ratio V is defined by the mass flow of reflux R and distillate D:

V. =R/D

In the case of discontinuous batch rectification, it has to be taken into account that the
concentration of the volatile component decreases in the course of the rectification
process. The calculations, therefore, have to be carried out up to the concentration
which is to be left in the flask. The reflux ratio is usually increased during the
rectification process in practical applications in order to remove the volatile compo-
nent with a certain purity.
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Continuous Rectification

Here the mixture to be separated is continuously fed into the rectification column. At
set parameters of the adiabatic rectification the mass flow of feed, distillate and
bottom are therefore constant. Depending on the feed F, which can be situated at the
beginning or at the end of the column, two basic separation phenomena can be
described. When introduced at the beginning of the column, the more volatile compo-
nent has the possibility to increase its purity towards the head. This method is called
amplification column. In a stripping column, the more volatile component leaves at
the bottom of the unit at the lowest concentration. Using the McCabe-Thiele diagram,
a theoretical plate number can again be graphically determined by indefinite reflux. In
the amplification column, the mass flow and the corresponding mole concentrations
result in the following operating line:

Vi X+ Xr Xp: mole fraction of volatile in distillate

Y =
Vi +1 Vi +1 Vy: reflux ratio

Every step shown in Fig. 2.35 will lead to increased purity towards the head of the
column.

For the stripping column (Fig. 2.36), the operating line is defined as:

Y = Vif‘ e X— i Xg: mole fraction of volatile in sump
Vi = Vi —1
Vi =L/B L: mass flow in stripping column

B: mass flow bottom

Xp
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Fig. 2.35: Amplification column
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Fig. 2.36: Stripping column

To operate a rectification apparatus at economical cost, a minimum reflux ratio is
calculated which can be depicted as a function of theoretical plates (Fig. 2.37).

economical range

Number of Theoretical Plates

LUUETY e T

VR min Vi

Fig. 2.37: Number of theoretical plates as a function of reflux ratio

The minimum reflux ratio Vi ., is reached by an indefinite number of theoretical
plates. The effective reflux ratio is preferably between 1.1V, . and 1.2V . Together
with the envisioned final mole concentrations in both cases, the number of theoretical
plates can be determined graphically using the McCabe-Thiele diagram by counting
the necessary plates. When the feed is somewhere between head and bottom, the two



78 Manufacturing Processes

operating lines for amplification and stripping are used for the determination of
theoretical plates (Fig. 2.38).

D

1 = Y
Yp| T T T Tttt e

operatjpg line

0 x X >ﬁ31 l Xg
B p R F
Fig. 2.38: Coupled stripping and amplification column

An accurate determination is achieved via iterative procedures by calculating from
plate to plate. It is obvious that in the case of more than two components, (n—1)
columns are necessary for continuous rectification /23, 24] (Fig. 2.39).

1 2 3 1 2
—k —E
1234 1234
4 4 3

a) b)

\ 2 1 3
_£ .
12,34 —E—>1 PPy

4 3
a9 2 4

e)

Fig. 2.39: Five possible networks for the separation of a quaternary mixture: a) to d) serial
connection e) parallel connection
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2.1.3.3.3 Carrier Distillation

Liquid phases that are only partly miscible or immiscible are graphically depicted by
equilibrium curves which show miscibility gaps [25] (Fig. 2.40).

T p = const. T

Tg

»

In the Miscibility Gap:

Boiling Temperature: Ty

Composition: XBH= YBH

Miscibility Gap

Xa1= YBH 1

Fig. 2.40: Boiling point curve of partly immiscible liquid phases

In the area of the miscibility gap, we have liquid phases which show vapour pressure
maxima. In this immiscible liquid phase system, the condensation curve therefore has
a common point with the boiling curve and is called a heteroazeotrope. In this
miscibility gap, the boiling temperature T}; will be lower than for the pure compounds
and the vapour phase in equilibrium will have a constant composition.

Y, = p/Pg P;o: pressure of the pure compound
Pg: total pressure
Dalton’s law applies in the two liquid phase area where immiscible liquids are
present. Here, the total pressure is the sum of the vapour pressure of the pure compo-
nents:

Pc = Pio t Pjo
The expression shows that the vapour pressures of liquid phases act independently of
each other within the miscibility gap. This relationship is the basis for steam distilla-
tion. Here components with high boiling points can be distilled close to the boiling
point of water with a vapour composition according to their vapour pressure:

P/Ps = (P — Ps)/Ps
In contrast, by varying the total pressure (vacuum), steam distillation can be carried

out at lower temperatures. In this case, the Clausius-Clapeyron equation can be used
for the determination of the temperature.

It has to be taken into account that the miscibility gaps are dependent on temperature
and can vanish at certain temperatures.
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Fig. 2.41: Vapour pressure curves

For the flavour industry, steam distillation constitutes one of the most important
techniques for the production of essential oils from various plants. One can distin-
guish between steam distillation, hydro-distillation and hydrodiffusion [26]. In steam
distillation, the plant material is placed in a perforated basket and the steam is
introduced through a grill at the bottom of the still. Hydro-distillation is mostly
carried out with flowers. In a perforated basket, the flowers are heated in 2-3 times
their weight of water with indirect steam. A volume of water equal to the weight of
the flowers is distilled. The yield of separated oil is low and the water condensate is
saturated with polar compounds. In hydrodiffusion, vegetable matter comes into
contact with low-pressure steam (<0.1 bar) and the volatiles are replaced by osmotic
action. In the hydrodiffusor, the low-pressure steam flows, according to the law of
gravity, from the top through the plant material to the condenser at the bottom. As a
consequence, the water condensate is more or less saturated with polar constituents.

In continuous steam distillation, an insulated conveying system with superheated
steam as carrier is used for providing a countercurrent flow of steam and pulverised
plant material. During transport, the oil is transferred into the vapour phase and exits
the system with the steam. A cyclonic vessel separates the gas phase from the solid
phase. In the last step the gas phase (steam and oil) is condensed, the oil is separated
using a Florentine flask and the water recycled to the boiler [27].

Steam distillation is also a very simple and effective method for the purification or
deodorisation of high-boiling organic substances (e.g. essential oils). In the food
industry, fats or fatty acids are deodorised and decolourised with steam. Continuous
steam distillation in a column is used for this purpose. In this operation, the heated oil
is run as a thin film countercurrently to the steam; this reduces the amount of steam
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for effective stripping. The low residence time and low required temperature avoid
thermal degradation of sensitive products; however, the generation of emulsions or
foams restricts the applications.

2.1.3.3.4 Azeotrope Distillation

If the equilibrium curves of the mixtures approach the diagonal sigmoidly in the lower
or upper range of the equilibrium diagram, the point of intersection indicates an
azeotrope point. As already set forth, the following distinction is made:

minimum azeotrope: vapour pressure maximum
positive deviation from the diagonal: boiling point minimum

maximum azeotrope: vapour pressure minimum
negative deviation from the diagonal: boiling point maximum

Thus, if an azeotrope point is reached during rectification, this mixture boils at
constant temperature and the composition of the vapour is identical to that of the
liquid in equilibrium: y, = X,

If a two-component mixture is present, the azeotrope can be characterised by the
relative volatility factor. If o = 1, an azeotrope point is present. For a two-component
mixture, this relative volatility can be defined as follows, equating the fugacity coef-
ficient with 1:

Yi ¢ Pio
o=—

Yj * Pio

This clearly indicates that with defined vapour pressures of the pure components, the
relative volatility, and therefore the azeotrope, is only influenced by the activity
coefficients. The basis of azeotrope distillation is the addition of a selected compound
which forms a new azeotrope with the original mixture. In the ternary azeotrope, the
so-called entrainer should additionally have a partial miscibility with one of the
original compounds to form two liquid phases (heteroazeotrope). This miscibility gap
is a prerequisite for the easy removal of the entrainer from the original compounds by
phase separation. In case the present mixture exhibits a minimum azeotrope, the
added compound usually again shows a new minimum azeotrope and allows the
separation of one of the original compounds at the sump. If a maximum azeotrope is
present, the selected compound again results in a new maximum azeotrope in the
mixture, so that one original compound can be removed at the head. The formation of
new azeotropes is used in technical applications to facilitate distillation of compounds
which exhibit close boiling points or azeotropes. Furthermore, the formation of a
minimum azeotrope with heat-sensitive natural constituents is often desired in the
flavour industry. In these cases, the addition of a selected compound allows the
separation of certain constituents in the original mixture at a lower boiling tempera-
ture. This method is used to gently remove solvents from natural extracts.

Due to the total pressure dependency of the chemical potential, the equilibrium curves
with their azeotrope points can be shifted by applying different pressures. Azeotrope
rectification can be performed either in batch or in continuous mode. On a technical
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scale, azeotrope rectification is often carried out continuously and the selected added
compound is recycled and fed back to the original mixture. In both cases, columns are
employed and, depending on minimum or maximum azeotrope, the feed is introduced
at different points of the column [28-30].

For example, during the dehydration of ethanol with toluene a new ternary azeotrope
is formed (Fig. 2.42). Due to the phase separation of the added toluene from water,
toluene can be continuously recycled using rectification equipment with two columns.

Examples for the usage of azeotrope rectification on an industrial scale are:

— dehydration of solvents, such as alcohols, esters, ketones and acids

— purification of uniform flavour constituents from mixtures, e.g. of biotechno-
logical origin

— isolation of rare natural components which occur only in the trace range.
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Fig. 2.42: Continuous rectification flow sheet for the dehydration of ethanol

2.1.3.3.5 Extractive Distillation

In contrast to azeotrope distillation, it is the aim of extractive distillation to find a
component to be added, a so-called extracting agent, which dissolves an azeotrope or
closely boiling mixtures by increasing the relative volatility considerably. This is
achieved by the addition of a high-boiling extracting agent which strongly influences
the activity coefficient of one constituent in the azeotrope mixture [3/]. The extract-
ing agent is introduced at the head of the column and removed together with the less
volatile component from the sump, while the more volatile component is distilled
solely from the head. The amount of added component which is introduced via the
column has to be tailored to the requirements of the respective separation problem.
The added component is also selected with regard to good separability from the
forming mixture. It is the intent of extractive rectification to apply continuous proc-
esses which allow feedback of the added component. An example for the usage of
extractive distillation is the separation of the closely boiling mixture acetone/metha-



Distillation 83

nol. The dehydration of isopropanol constitutes another field of application. In this
case, the mixture is introduced in the middle of the column. The employed high-
boiling extracting agent ethylene glycol is introduced in the correct ratio at the head
of the column [32] (Fig. 2.43).

The selection of a suitable extracting agent can be supported by gas chromatographic
head space analysis. This technique allows the fast determination of an extracting
agent by measuring the difference in relative volatility via peak areas in the vapour
phase. It permits the fast and reliable assessment of various components to be added
with regard to suitability [33].

L ]

water > 1000 ppm -water
i-propanol ~ 1 wt %

Feed

solvent

solventiwater

Fig. 2.43: Flow sheet of an extractive distillation for the dehydration of isopropanol

2.1.3.4 Equipment
2.1.3.4.1 Distillation

In the laboratory, discontinuous distillation is performed with glass equipment, e.g.
Claisen flasks or micro-distillation kits [34-36]. With a number of mixtures, delay in
boiling may cause problems. Overheating may occur, which can cause an explosive
discharge. This can be prevented by the addition of boiling stones, which continu-
ously create bubbles as a result of their capillary effect. Another option is the contin-
uous introduction of small amounts of inert gas or agitation of the boiling mixture.

The application of vacuum technology allows evaporation at lower temperatures and,
therefore, gentle product handling. Usually, coarse vacuum up to 1 mbar is used for
distillation. Leakage, as a result of defective equipment, also has a negative impact on
the final vacuum. These undesired gases can cause product oxidation and losses, as
they function as carrier gases. Therefore, the leakage rate Q has to be determined for
larger units:

Q=(Ap » V)t
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where Ap is defined as the increase in pressure in the time t with an equipment volume
V.

The gas dissolved in the product is also released during distillation. Moreover, a
chemical reaction (decomposition) may lead to a gas flow and thus to a sudden
increase in pressure.

Generally, discontinuous flask distillation is employed; however, the long time of
direct contact in the flask at high temperatures can be a disadvantage [37]. To perform
continuous distillation in the laboratory, falling-film or circulation evaporators may be
employed (Fig. 2.44). If made entirely of glass, good observation is ensured and the
apparatus can also be used under vacuum.
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Fig. 2.44: Laboratory rectification unit with falling-film evaporator
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For gentle evaporation of volatiles, the rotary evaporator is used in the laboratory (Fig.
2.45). The rotating distillation flask creates high turbulence and a new thin film in the
upper part of the flask with every rotation. This allows a high heat and mass transfer
rate and overheating of the liquid is prevented.
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Fig. 2.45: Rotary evaporator

On the technical scale, different types of reboilers have been developed [38]. Depend-
ing on the distillation requirements, various reboiler constructions can be used. The
simplest ones are heat exchangers or double jackets; evaporators constitute more
elaborate technical constructions. The advantage of the latter systems is generally the
short residence time and the handling of products with difficult physical properties,
such as those with high viscosity or a tendency to crystallisation. These evaporators
have very short direct contact times and, therefore, allow distillation of heat-sensitive
products.

Employing a forced circulation evaporator for evaporating a mixture ensures consid-
erable improvement (Fig. 2.46). Here, the liquid moves upwards between the heating
tubes, either by upward thrust or by forced circulation, and is evaporated. The part that
is not evaporated is fed back via a circulation tube, thus creating a cycle. The vapour
bubbles, which form during boiling, ensure good heat transfer, while the liquid is not
exposed to high temperatures for too long. A forced circulation evaporator can be
used under vacuum up to 60 mbar. A further pressure reduction results in even lower
temperatures and, therefore, gentle product handling.
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Fig. 2.46: Forced circulation evaporator

Falling-film evaporators eliminate the problem of a hydrostatic head with liquid
phase. The feed enters at the head of the evaporator, is distributed evenly across the
heating tubes and, as a result of gravity, flows downward as a thin film. The liquid-
vapour separation takes place at the bottom. The falling-film evaporator is widely
used for heat-sensitive materials, because the contact time is small and the liquid is
not overheated during passage.

Thin-film evaporators are employed for evaporation purposes up to 1 mbar [39].
Agitated thin-film evaporators permit handling of highly viscous materials and have
residence times of only a few seconds (Fig. 2.47). The feed is distributed evenly over
the whole circumference above the heated surface. The rotor creates a homogeneous
continuous thin film across the heating jacket, preventing overheating. The liquid
phase exits at the bottom through gravity and the vapour flows countercurrently to the
head of the evaporator. The LUWA evaporator is available in a vertical design. A rotor
with rigid blades evenly distributes the highly viscous liquid on the heating jacket.
The Sambay thin-film evaporator features movable wipers on the rotor. Centrifugal
forces press them onto the heating jacket. This allows squeezing of residues and
processing of products which tend to coat the surfaces. The wipers’ frequency and
thrust can be adjusted to fit the product optimally. The SAKO evaporator requires
little space and can already form a continuous liquid film with small amounts of
concentrated product for trial purposes. This apparatus features a conical construction
and, therefore, the gaps between rotor and heating jacket can be adjusted continu-
ously. This permits one to vary the thickness of the liquid film as well as the time of
contact. Even wetting and turbulences create ideal conditions for heat and mass
transfer.
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Fig. 2.47: Thin-film evaporator

A gas haze of introduced air covers the condenser in vacuum distillation. This has a
negative impact on vapour condensation. The thickness of the gas haze is calculated
according to the laws of diffusion. It is inversely proportional to the condensation heat
which is released in unit time. In practical applications, values between 1 and 5 mm
can be expected. As the gas haze has a particularly negative effect on medium high
vacuum distillation, it is advisable to carry out pre-degasification, also with technical
units with several stages. It is also possible to minimise the gas haze by employing
pumps with high pumping speed. If all these details are taken into account, gentle
product handling can be achieved while product yield can be increased.

If gentle product handling is called for during distillation and, therefore, a significant
reduction of the boiling temperature is required, high-vacuum distillation is employed
[37]. The pressure is reduced to such an extent that the molecules, during their
thermal motion, do not collide with each other. Each molecule is only evaporated once
and immediately reaches the condensation unit, which, therefore, has to be opposite
to the evaporator at short distance, approximately equivalent to the distance of the
average free path length of the molecules. The pressure range is around 10~ mbar.
This procedure is called molecular distillation (Fig. 2.48). Under these conditions, the
evaporation rate is expressed by the Langmuir-Knudsen equation:

_ o o/ m: output (kg/(m’ h))
m=1500 - p M/T M: molecular weight (g/mol)

T: temperature (K)
P: operation pressure (bar)

Irrespective of the product evaporated, when the conditions of molecular distillation
are applied, an output of 1 kg/(h m?) is reached at 0.001 mbar. These small capacities
restrict this distillation technique to applications in research and on the laboratory
scale. If a larger product capacity is to be reached on an industrial scale, the area of
free molecule diffusion has to be left and higher pressures have to be accepted.

The Langmuir-Knudsen correlation now results in 10 kg/(h m?) at a pressure of 0.01
mbar and in 1000 kg/(h m*) at a pressure of 1 mbar. This is the range of flash
distillation. In this case, thin-film evaporators are employed where the exterior evap-
oration surface is closely opposite to the interior condensation area. One constructive
example is the short path evaporator with wiped film. The product is dispersed onto a
heated jacket with rotating plates at the circumference. A mechanical wiper system
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creates a homogeneous, continuous product film. The condenser is located in the
centre of the evaporator. A cooled pipe bundle results in a good flow diameter, where
gases can be sucked off from the empty interior. The distillate is removed via the
condensate pipes, and the residue is collected in a loading cup. The time of direct heat
contact is reduced to a few seconds. For degasification purposes, a preliminary step is
introduced with a pressure of a few millibar. This also results in a pre-separation of

the volatile first runnings.

Fig. 2.48: Shortway evaporator

Centrifugal evaporators are used on an industrial scale for gentle distillation of tem-
perature-sensitive materials (Fig. 2.49). Here, a thin film is evenly spread on a heated
conical plate by centrifugal force. This technique reduces hold-up, contact time and
foaming of the liquid on the heated surface considerably. Furthermore, the centrifugal
force immediately throws the condensed steam away from the rotor’s heating surface
(dropwise condensation). This results in a uniformly heated rotor surface with a high
overall heat transfer coefficient up to 30,000 kJ/(m*> h K). This heated evaporation
surface is located opposite to a cooled box which results in the distillate removal.

In another centrifugal evaporator construction, a nested stack of hollow conical discs
rotates on a common spindle. The heating medium is supplied through the hollow
spindle to the steam chamber surrounding the cone stack. Again due to the centrifugal
forces a dropwise condensation of the steam on the heating surface is achieved. The
feed enters the evaporator through a common tube at the top and injection nozzles
distribute the liquid onto the underside of each rotating cone. Centrifugal force
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spreads the liquid as a thin film over the heating surface. The vapour is released
through the centre of the cones to an external condenser.
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Fig. 2.49: Centrifugal evaporator

Flash distillation with its low residence time and high vapour velocities constitutes
another gentle distillation method and has found widespread application in heat-
sensitive juice concentration.

As molecular and flash distillation constitute simple ‘one-way distillation methods’,
only products that possess considerably differing vapour pressures can be separated.

Based on a concept initially developed in the 1930s, the spinning cone column is a
multistage centrifugal evaporator which achieves higher separation efficiency of vol-
atiles under gentle conditions [40]. In a column, a series of alternate stationary and
spinning cones are either assembled on the housing or attached on a centrally rotating
shaft (Fig. 2.50). The preheated feed is pumped into the top of the column and falls
onto the stationary cone where a liquid film flows across the upper surface towards
the column shaft. The liquid then falls onto the rotating cone and due to the centrifu-
gal force, is forced upward and outward across the cone surface. The turbulent thin
film leaves the lip of the spinning cone, falls onto a stationary cone and the process is
repeated. The vapour is pumped upwards through the column, thus creating a counter-
current flow. The addition of fins to the underside of the rotating cones creates high
turbulences in the vapour and liquid flow resulting in a high mass transfer rate. Its
ability to handle viscous fluids or slurries renders the spinning cone column into an
interesting tool for the food industry.
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Fig. 2.50: Spinning cone column

2.1.3.4.2 Countercurrent Distillation; Rectification

The equipment for continuous distillation can only separate one stage in the equilib-
rium diagram. Countercurrent distillation, also called rectification, has found wide-
spread application with normal pressure and coarse vacuum distillation when complex
mixtures or components with small relative volatility factor are to be separated. The
fundamentals are discussed above (2.1.3.3.2); the technical side will be dealt with
here [41-45].

Rectification can be carried out:

— discontinuously
— semi-continuously
— continuously.

Laboratory equipment for the two important types is depicted in Fig. 2.51.

Discontinuous rectification is characterised by non-recurring feed and a separation
column. To generate a reflux, an overhead condenser is inserted and a cold trap cools
the obtained distillate. For analytical-preparative purposes in the laboratory, an appa-
ratus with annulus columns has proved to be successful. This apparatus has a vacuum
of up to 0.01 mbar, an output of 1-50 ml/h and low hold-up volume. Larger rectifica-
tion units have tray columns, sieve plates and packing material with a vacuum of up
to 0.1 mbar and outputs of several litres per hour.

On the one hand, the simple, easy to control mode of operation, which is especially
called for in the laboratory or with trial runs, is of advantage. On the other hand, the
long time of direct contact, the high energy requirements and the difficult automation,
as product and distillate change continuously, have turned out to be of a disadvantage.



Distillation 91

Fig. 2.51: Laboratory rectification unit with circulating evaporator

Therefore, partly continuous rectification is a mode for special applications. In this
case, the mixture to be separated is introduced into the flask as distillate is removed.
The mixture is fed into the flask or just above the flask and proceeds at boiling
temperature. The condensation heat from the overhead condenser can be employed as
a heat source. After a certain time when the flask is filled, the feed is stopped and the
high-boiling constituents are separated discontinuously. This technology is used for
removing the volatile first runnings or the solvent from high-boiling components.
Again, the mode of operation is simple; the long thermal exposure of the flask
contents is not desirable.

Continuous rectification does not suffer from these disadvantages. Here, a continuous
feed between amplifier and stripping column exists. In industrial applications, the
following criteria should be considered in operating a rectification unit at economical
cost [46]:
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— reduction of the operation pressure increases relative volatility and reduces
the energy input

— optimisation of reflux ratio (minimum reflux)

— in vacuum rectification, the low pressure loss per plate permits energy sav-
ings

— the heat of the leaving distillate and especially of the bottom flow can be
utilised for preheating the feed

— the usage of heating pumps in applications with high energy demand.

For heating pumps, employing a direct product stream, e.g. vapour recompression,
results in a higher difference between head and sump temperature than the usage of an
external compression fluid. After adjustment of the operating conditions, a head and
a sump product form. The reduced thermal exposure is of advantage, as well as the
low energy requirements and the high output. Methods developed on a laboratory
scale can be transferred to semi-industrial and industrial units.

If multi-compound mixtures are present, it is necessary to introduce the bottom
product into a further continuous unit. Mixtures with n components require n—1
separation columns. This technology is used for processes on a large industrial scale.
In the flavour industry, mixtures with three or more components are first separated
into two to three fractions and then subjected to a discontinuous separation process.
The after-run may be separated from its high-boiling constituents by thin-film evapo-
rators.

The essential parameters for the construction of a column are:

— vapour loading coefficient: this value is characteristic for the specific
throughput

— the height of theoretical plates: this value shows the separation efficiency
HETP

— the pressure loss per plate: important for usage under vacuum.

The columns can be structured into three basic types: tray, filling bodies and packed
columns [47-49].

Tray columns are available in lengths up to 100 m and with very large diameters. The
interfacial area in the column is generated by the vapour which permeates through the
holes with high velocity and collides with the descending liquid to form dispersions.
Tray columns show a broad range of vapour loading capacity with high separation
efficiency, even with small loads. The number of theoretical plates is, depending on
the technical construction, relatively high; the same applies to capacity. The loss of
pressure with 2-5mbar per plate has a negative impact on the operation under vacuum.

A number of different constructions have been developed for tray columns; the
essential ones are still bubble-cap, valve, sieve and grating plates. Bubble-cap plates
are the oldest development and, due to the high production costs, they are rarely used
today.

Sieve plates have also been known for a long time and possess fine drillings. The
vapour flows through them and comes into exchange with the liquid, thus forming a
bubble layer. This reduces the loss of pressure, but, as a result of their construction,
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they also have a lower vapour loading coefficient. The danger of encrustation is,
however, high, as the drillings are blocked easily. Cross-flow sieve plates and cross-
current sieve plates are available from a number of manufacturers and they are
optimally designed to meet individual requirements.

Column fillings with irregular packings have found increasing application. The cylin-
drical Raschig rings have been replaced by Pall rings, Berl saddles, Intalox and
grating rings. Due to their high surface, these columns possess good separation
efficiency and show small loss of pressure. The disadvantage is the poor distribution
of the liquid, especially with larger column diameters. This can be countered by the
insertion of a special distribution device. Since the phase transfer should use the high
surface area of the fillings, the wetting characteristics of these materials are important.
Adequate packing material can ensure appropriate wetting. Apart from different met-
als, glass, porcelain, ceramics, carbon and plastics have been used [49].
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Fig. 2.52: Rectification column with regular packings

The ordered structure of the regular packings column with uniform flow canals allows
a precise phase distribution and small loss of pressure [50] (Fig. 2.52). The very large
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surface area results in a high number of theoretical plates. Since regular packings
ensure a good distribution of the liquid, a high vapour loading is encountered. Due to
the capillary mechanism of the net structure, the packings also work at very low
vapour loading. Again, columns with bigger diameters should have a good liquid
distribution device and wetting of the packings also has to be taken into account.
These regular packings are prone to encrustations and expensive to produce.

As a result of their positive characteristics, packings have found a broad range of
application in the flavour industry [57]. Both regular and irregular packings result in
a small HETP value with very low pressure loss in the column. These are important
features for the use of these packings in the flavour industry.

COMPANIES SUPPLYING EQUIPMENT

Alcatel Vacuum Technology, Avenue de Brogny 98, F-74009 Annecy, France
ANA-Verfahrenstechnik, Am Saalehang 4, D-06217 Merseburg, Germany

Anhydro A/S, @stmarken 7, DK-2860 Soeborg, Denmark

API Schmidt-Bretten GmbH & Co. KG, Pforzheimer StraB3e 46, D-75015 Bretten,
Germany

Artisan Industries Inc., 73 Pond Street, Waltham, MA 02451-4594, USA

BOC Edwards, Manor Royal, Crawley, RH10 2LW, UK

Biichi AG, Geschwaderstr. 12, CH-8610 Uster, Switzerland

Busch GmbH, Postfach 1251, D-79689 Maulburg, Germany

Buss-SMS GmbH, Kaiserstr. 13—15, D-35510 Butzbach, Germany

Canzler GmbH, Kolner Landstr. 332, D-52351 Diiren, Germany

De Dietrich Process Systems, SAS PO Box 8, F-67110 Zinswiller, France

E & E Verfahrenstechnik GmbH, Diisternstr. 55, D-48231 Warendorf, Germany

F.T. Industrial Pty. Ltd., 680 Pacific Highway Killara, NSW-2071, Australia
i-Fischer Engineering GmbH, Dachdeckerstr. 2, D-97297 Waldbiittelbrunn, Germany
GEA Wiegand GmbH, Einsteinstr. 9-15, D-76275 Ettlingen, Germany

Heraeus Quarzglas GmbH & Co. KG, Quarzstr. 8, D-63450 Hanau, Germany

Julius Montz GmbH, Hofstr. 82, D-40723 Hilden, Germany

Kiihni AG, Gewerbestr. 25, CH-4123 Allschwill 2, Switzerland

Leybold Vakuum GmbH, Bonner Str. 498, D-50968 Koln, Germany

Norbert Karasek GmbH, Neusiedler Str. 15-19, A-2640 Gloggnitz, Austria
NORMAG LABOR- und PROZESSTECHNIK GmbH, Auf dem Steine 4, D-98683
Ilmenau, Germany

Normschliff Gerédtebau Dr. Friedrichs — Dr. Matschke GmbH & Co. KG, Hiittenweg
3, D-97877 Wertheim, Germany

Pfeiffer Vacaum GmbH, Berliner Str. 43, D-35614 Aflar, Germany

QVF Engineering GmbH, Hattenbergstr. 36, D-55122 Mainz

Raschig GmbH, Mundenheimer Str. 100, D-67061 Ludwigshafen, Germany
Rauschert Verfahrenstechnik GmbH, Paul-Rauschert-Str. 6, D-96349 Steinwiesen,
Germany

Rietschle GmbH, Postfach 1260, D-79642 Schopfheim, Germany

Rosenmund VTA AG, Gestadeckplatz 6, CH-4410 Liestal, Switzerland

Schrader Verfahrenstechnik GmbH, Schleebergstr. 12, D-59320 Ennigerloh, Germany
Sterling STHI GmbH, Lindenstrale 170, D-25524 Itzehoe, Germany
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Sulzer Chemtech AG, Hegifeldstr. 10, CH-8404 Winterthur, Switzerland

Uhde GmbH, Friedrich-Uhde-Str. 15, D-44141 Dortmund, Germany

UIC GmbH, Am Neuen Berg 4, D-63755 Alzenau-Horstein, Germany

Vereinigte Fiillkorper Fabriken GmbH & Co. KG, Rheinstr. 176, D-56235 Ransbach-
Baumbach, Germany

VTA Verfahrenstechnische Anlagen GmbH, Josef-Wallner-Str. 10, D-94469 Deggen-
dorf, Germany
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2.1.4 Spray Drying and Other Methods for Encapsulation of
Flavourings

Updated and enlarged by Uwe-Jens Salzer
Based on the manuscript by Abelone Nielsen and Jens Liitken Getler

2.1.4.1 General Introduction

For a long time, flavourings were liquids which were added drop by drop to their
intended application. However, the ever expanding industrial production of food
started the need for flavourings in dry form. The most basic way to obtain a dry
flavour is to plate a liquid concentrate onto a dry carrier as is done with ‘spice salts’,
i.e. spice oleoresins mixed into salt. Such flavourings are very susceptible to the
influences of air and light. Hence the industry has been looking for possibilities of not
just drying, but encapsulating. The spray drying technique — originally developed for
the coffee and dairy industries — proved to be successful for this purpose. It results in
a dry, free-flowing encapsulated flavour powder with low water activity. Thus the
flavour profile is stabilised, it is protected against decomposition and the release of
the flavour itself can be controlled. The spray drying process is described below in
more detail.

Spray dried flavourings have satisfied the demands of the food industry for quite some
time. However, manufacturing technologies and application forms for food continue
to develop. Modern flavourings have to keep up with these changes and with other
special requirements put forward by producers. This has resulted in some further
developments in the manufacture of encapsulated flavourings — the so-called ‘comple-
mentary procedures’ — which have come into use in recent years. Complementary
procedures are refinements, later developments of the spray drying technique. These
methods are dealt with later in this section [/-3].

2.1.4.2 Spray Drying and ‘Complementary’ Procedures
2.1.4.2.1 Introduction

Spray drying is recognised as an efficient method of converting liquid flavours into
powders. By spray drying it is possible to produce a powder with controlled physical
properties such as flowability, residual moisture content and bulk density. At the same
time it is possible to control the properties of the active flavour component in terms of
its controlled release, its organoleptic quality etc.

Flavourings are normally not spray dried as pure substances. The active, volatile
flavour component is mixed and homogenised with a solution of carrier material.
During and after the spray drying process, this carrier will form a protective layer on
the surface of each formed particle. Whether the active ingredient is soluble or not, the
protective carrier acts as facilitator for the spray drying process. At the same time the
carrier acts as a microencapsulating agent for solid and liquid flavourings.
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Spray drying is an extremely cost-effective and widely applicable process; the equip-
ment has been in use for a long time and it has been optimised over many years. Its
advantages are:

— existing well-proven equipment can be used to a large extent

— it is an economical process

— it ensures good results with a wide selection of carrier materials

— it can be used for a broad range of flavouring materials to be encapsulated.

o
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Fig. 2.53: Small-scale spray drying plant

2.1.4.2.2 Principles of the Procedure and its Application in the Flavour Industry

Spray drying in general is achieved by pumping a solution or a homogenised emulsion
to an atomizer and spray it as a fine mist of droplets into a drying chamber. Here the
droplets are brought into contact with hot air in a co-current flow. The hot air provides
the necessary energy to evaporate the water. The process air will be sucked in through
filters, heated and distributed in a controlled flow throughout the drying chamber.
Thus the temperature of the individual droplets and the resulting powder is kept low.
The air is cooled almost instantaneously due to the very large liquid surface area
created from the atomization. The droplet temperature and the temperature of the
formed solid powder particles will be kept at a low level because of the evaporation of
water. By adjusting the fan speeds for air input and air extraction, the drying chamber
can be operated with defined pressure conditions. This results in controlled residing
times for the powder in the chamber which, in the case of flavourings, should not
exceed 30 seconds.
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Most of the powder is discharged directly from the bottom of the chamber. Spent
drying air containing fine powder particles is cleaned in highly efficient cyclones and
in some cases further cleaned in a bag filter or a wet scrubber. Powder from the
cyclone may be discharged separately or it may be returned to the drying chamber in
the vicinity of the atomizer where it will adhere to new droplets and form agglomer-
ates.

After drying, the resulting powder is cooled and conveyed to further handling, storage
and packing. The main components of a single-stage spray drying plant are shown in
Fig. 2.54.
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Fig. 2.54: Principle of a spray drying plant

The quality of the spray dried flavour is mainly influenced by

— the particle forming at the atomiser

— the primary drying immediately after the formation of the droplet

— the secondary drying, i.e. diffusion of the residual moisture from the center
of the droplet.

The liquid is dispersed into the chamber either by centrifugal force or with a nozzle.
Today centrifugal atomising is used much more widely as it offers the following
advantages:

— it is flexible, versatile and easy to operate
— the resulting powder quality is not very sensitive to variations in feed rate,
feed viscosity, etc.

In a centrifugal atomiser, droplets are formed by the liquid being fed through a
distributor into an accelerating chamber and from there they are forced through radial
holes in a fast-rotating wheel. Medium-sized wheels are 16-40 cm in diameter and
they normally rotate at 16,000 to 6,300 rpm. Atomisation takes place with a peripheral
velocity of 130 m/s resulting in droplets of 50-80 um in diameter. The diameter is
controlled by the number of wheel revolutions and the properties of the original
liquid.
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The characteristics of the powder on the other side depend on the speed of the liquid
feed and the design of the atomising wheel. A centrifugal atomiser and its spray mist
are shown in Fig. 2.55 and Fig. 2.56 [4].

Fig. 2.55: Centrifugal atomizer

In case of use of pressure nozzles, the liquid feed is pumped through a small orifice
under high pressure, typically 2-300 bars, and the liquid breaks up into droplets by
friction with the atmosphere. Nozzles may produce powders with particularly narrow
particle size distribution or relatively dense particles. The particle size from a given
pressure nozzle is influenced by the feed rate. This is controlled by varying the feed
pressure which again influences the flow capacity. Pressure nozzles are therefore less
flexible than centrifugal atomizers with regard to ease of operation and control of
product characteristics.

The materials to be spray dried, e.g. flavouring concentrates or fruit, have to be
prepared into a solution or an emulsion. Flavour concentrates, e.g. essential oils,
extracts and/or mixtures of these with other flavouring substances, are emulsified in
water with gum arabic and then homogenised with a solution of the dry carrier. Useful
carriers are modified starch products, maltodextrin, sugar, modified whey proteins,
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cellulose ether and certain forms of polymers. Fruits have to be milled thoroughly to
a fine pulp, after which starch sugar is added.

Fig. 2.56: Spray mist from rotating wheel of centrifugal atomiser

The solids content of these preparations is important. It may range from 25 to 50%.
The residual moisture in the spray dried powder is typically 3-5% and the content of
the original liquid flavour is about 20%. The drying temperatures generally vary
between 200 and 280°C at air entrance and 90-120°C at air exit.

In general, spray dried flavourings can be considered small capsules of an active
volatile and/or tasting ingredient which is embedded in a matrix material. The spray
dried capsules are almost spherical particles, each containing a high number of oil-
globules or solid particles. Most liquid or solid materials can be encapsulated,
whether they are hydrophobic or hydrophilic.

When the fine droplets of emulsion created by atomization come into contact with the
hot air within the drying chamber, the moisture evaporates and the carrier material
solidifies. Hereby particles of the flavour base are trapped within a dry shell formed
by the carrier.

The surface of the droplets dries first and creates a diffusion-resistant boundary layer.
The small water molecules diffuse fast through this barrier while larger flavouring
molecules are retained. This selective permeability allows for rapid evaporation of
water with a minimum loss of volatile flavouring components. At the same time the
water evaporation will cool the surface of the particles. This protects heat-sensitive
ingredients against overheating and thermal degradation.

The carrier material may also protect the active ingredient against external influences.
Flavourings which tend to oxidize, e.g. citrus oils, require encapsulation in order to
prevent contact with atmospheric oxygen. These encapsulated citrus flavourings,
mainly consisting of essential oils, may be stabilised further by removing the residual
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amounts of surface oil from the capsule with an inert gas [6]. Further, hygroscopic
products may be protected from atmospheric moisture by micro-encapsulation which
enhances storage stability and shelf life.

Desired properties, e.g. a specific water solubility, can be designed into encapsulated
flavourings through selection of the spray drying technology. And, finally, there is no
dust or odour when these flavourings are processed.

However, the primary deciding factor for flavour release is the choice of encapsula-
tion technology. Flavour release involves an extremely wide variety of requirements.
We speak of solubility-driven release when a flavour capsule is dissolved in water and
thus releases the flavour. The speed at which the capsule dissolves, and subsequently
the speed at which the flavour is released, can be determined through the selection of
the carrier material. It is also possible to design encapsulation systems that are not
soluble in water. They keep the flavour locked up in aqueous products (e.g. sorbets)
until the product is consumed. Temperature-driven flavour release can be achieved by
coating an encapsulated flavouring with fats of specific melting points, e.g. in cake
mixes.

Flavourings used in baked goods develop their flavour in the oven at temperatures of
> 70°C while the kind of kibbled flavours that are employed in teas, soups or candies
are not released until the product is consumed. Instant soup mixes release some of
their flavour — especially the highly volatile parts — after hot water is poured over the
dry mix in order to produce the soup’s characteristic aroma. Flavourings for tea are
designed to behave similarly, i.e. the aroma starts to develop whilst the tea is steeping.
In the case of chewing gum, the flavour should be released instantly with the start of
the chewing process (= impact), but it should also be clearly perceivable after 10-20
minutes of chewing (= long-lasting effect).

These few examples may demonstrate how differently flavours can be released, either
at the point of processing the food or at the point of consumption. No single encapsu-
lation method can satisfy all these different requirements. Hence methods other than
spray drying, i.e. spray chilling, compacting, agglomerating and fluidised spray dry-
ing, as described below, have been developed.

2.1.4.2.3 Environmental Considerations

When operating with flavourings, a spray drying system with low odour emission is
desirable. This can be achieved with either a low-oxygen system or with an oxygen-
free closed circuit using nitrogen as the drying medium. The closed circuit is the
choice if organic and inflammable solvents are present.

The low-oxygen system (Fig. 2.57) is characterised by being self-supplying with
almost inert drying air. Ambient air is supplied to the direct gas fired air heater at a
rate which is sufficient for a complete combustion of the gas. When operating the
burner with only little excess of combustion air, the oxygen content in the re-
circulating drying air decreases and the system becomes self-inertizing. Usually the
oxygen content will be about 4 volume %.
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In the spray drying process, the heated drying air, low in oxygen content, is led to the
drying chamber, and after the drying process, powder is recovered in a cyclone.

The drying air is cooled in a scrubber/condenser where the water, evaporated in the
spray dryer, is removed. The air is subsequently recycled to the direct gas-fired air
heater. A vent will exhaust a volume of drying air equal to the volume of combustion
products from the gas burner. However, most of the air is recycled in the system.

A low-oxygen system is ideal for many flavouring products: It reduces the risk of
powder explosions and/or of oxidation of sensitive products, and the release of ex-
haust air to the environment is very small compared to the air volume needed in the
drying process. The reduced airstream, leaving the plant, can be deodorized or detox-
icated by incineration.
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Fig. 2.57: Principle of a low-oxygen spray drying plant

2.1.4.2.4 Safety Aspects

Some spray dried flavourings are flammable and potential fires and dust explosions
pose a considerable risk to operators and equipment.

Dust explosions occur when finely divided combustible solids are airborne in suffi-
cient concentration and when they are subjected to an ignition source of sufficient
energy — provided the oxygen level is sufficiently high.

When operating a spray drying plant for flavourings, the explosion hazard should be
determined and the correct protective measures should be taken. The before-men-
tioned low-oxygen spray drying system and the closed-cycle system offer a high level
of safety and the additional advantage of low emission.

Other ways to reduce the risk is the use of spark-free materials in the construction,
explosion suppression systems or the use of explosion venting by rupture discs or
pressure relief panels [5].
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2.1.4.2.5 Spray Chilling

Spray chilling is performed in the same type of equipment as spray drying. The active
flavouring is mixed with a molten wax or fat. This emulsion or suspension is atomized
into cold air where the wax solidifies and forms spherical or nearly spherical particles.
As carrier material, either vegetable oil or fat is used with air temperatures of 45-
122°C (‘spray cooling’), or hydrogenated or fractionated vegetable oil with air tem-
peratures of 32-42°C (‘spray chilling’). The flavour will be released when the coating
melts. Such flavourings may be used in food products which are prepared through a
cold process and which are heated before consumption like soups, sauces and deep-
fried food.

2.1.4.2.6 Compaction and Agglomeration

These processes complement spray drying, especially when larger particles are
needed. Compaction results in a compressed product with low porosity, i.e. more
strength. Agglomeration, in contrast, produces a fluffy powder with high porosity,
ideally suited for applications that which call for instant dissolving.

Compaction. The spray dried flavours are compressed under high pressure to lumps
and subsequently crushed into small pieces ranging in size from 0.7 to 3.0 mm. This
procedure is useful for applications where grainy structures are required. It ensures
that the flavour will not separate from the final product and seep through bags with
larger pores such as in tea applications.

Agglomeration. Spray dried flavourings are fluidised in hot air. The fluidisation
process separates the individual powder particles and allows them to be sprayed from
all sides. By spraying on a binder — such as water — the powder particles gradually
stick together and form larger granules.

The principles of both procedures are shown in Fig. 2.58.
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Fig. 2.58: Principle of a plant for compacted products (A) and agglomerated products (B)

2.1.4.2.7 Fluidised Spray Drying

A fluidised spray dryer is a spray dryer with an attached fluid bed which is integrated
at the base of the drying chamber. Hot air enters the spray drying chamber through a
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roof-mounted air dispenser around the atomiser and leaves through its ceiling. The
spray droplets travel downwards towards the fluid bed, whilst the hot exhaust air is led
to either cyclones or bag filters. Product recovered from the dry particulate collectors
is reintroduced into the process.

2.1.4.3 New Methods for Encapsulation
2.1.4.3.1 Introduction

The ‘classic’ procedures mentioned above have their limitations, especially when it
comes to encapsulating very volatile and/or reactive flavourings. In order to satisfy
this demand other methods of encapsulation have been developed recently. Also,
processes from the pharmaceutical industry have been adjusted to the technological
and legislative requirements of the flavour industry.

An important part of this work is the selection of the right material for encapsulating
and coating. They have to be neutral in taste and they need to be approved and safe
for food use. By choosing the right materials one can also achieve a better control
over the release of the flavour, with the trigger being temperature, pH or the solvent
used.

On the process side, techniques like the fluid bed method, extrusion, coacervation, the
submerged nozzle process and molecular inclusion have gained importance within the
last 10-15 years [1-3, 7].

2.1.4.3.2 Fluid Bed Methods: Spray Granulation and Coating

Specific temperature-controlled flavour release is a key function of this delivery
system. Similar to agglomeration and fluidised bed spray drying ‘fluidised bed spray
granulation’ is performed in a fluid bed, the difference being that an aqueous emul-
sion is used here from the very beginning. This technique yields very precise particle
sizes of 0.2-1.2 mm and low porosities of the granules. It also allows specificity in
size distribution within the resulting powder mix. By spraying repeatedly, re-applying
and drying droplets in a fluid bed, it is possible to structure the granulate like the
layers of an onion.

Continuous spray granulation starts off identical to spray drying, i.e. an aqueous
emulsion. This granulation technology has the advantage of producing large flavoured
particles of uniform size and shape without the need for any additional production
steps.

An alternative batch spray granulation process utilises the fluidised bed rotor granula-
tor for the manufacture of spherical flavour granules. In this case a flavouring emul-
sion is sprayed into a fluidised bed of core material.

Both methods allow the subsequent coating of the granules [8]. By selecting appro-
priate coating materials one can design specific properties into the encapsulated
flavourings. Apart from water-soluble materials, it is also possible to coat with fat.

Flow diagrams for both technologies are shown in Fig. 2.59.
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Fig. 2.59: Principle of a coacervation plant

2.1.4.3.3 Extrusion

Extrusion processes have gained importance in recent years. Highly viscous carriers
can be processed into glassy systems that are characterised by high stability and long
shelf life. Water or other softeners/plasticisers are added to sugars (or other carbohy-
drates) which have been melted before the liquid flavour is added. The flavoured melt
is forced with high pressure through the extruder’s die plate. The extrudate is solidi-
fied quickly and so forms an amorphous glassy yet firm mass in pellets with the shape
of small needles. The flavouring is completely entrapped in this matrix.

This process is especially well suited for encapsulating highly sensitive flavourings,
e.g. all citrus types. The advantage is good protection against oxidation and therefore
an extended shelf life compared to other methods.

This principle is shown together with the submerged nozzle process in Fig. 2.60.
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Fig. 2.60: Principle of an extruder (A) and a submerged nozzle plant (B)
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2.1.4.3.4 Encapsulation with Gelatin

Gelatin capsules with enclosed flavour droplets can be produced by either coacerva-
tion or the submerged nozzle process.

In coacervation, the capsule materials — usually gelatin and gum arabic — are dis-
solved in water. Afterwards the water-insoluble flavouring is added. By altering
temperature or pH, the interfacial surface between the water phase and the flavour
droplet forms a thin skin which envelops the droplet. To stabilise the skin, the gelatin
has to be chemically treated to cross-link and curve it further after it has been
separated from the surrounding water. For various applications the resulting pasty
capsules have to be gently dried in a final step. The flow diagram is shown in Fig.
2.59.

Another method for enclosing flavourings in gelatin capsules is the submerged nozzle
process. The resulting capsules are significantly larger compared to coacervation. The
flavouring and the gelatin are forced simultaneously through a special coextrusion
nozzle into a suitable medium such as vegetable oil, with the gelatin capsule curing
and fully surrounding the flavour droplet. This process calls for the utmost precision
and requires constant monitoring of the process steps. The principle is shown in Fig.
2.60 (together with that of an extruder plant).

2.1.4.3.5 Molecular Inclusion in B-Cyclodextrin

Molecular inclusion complexes are another technique for the encapsulation of fla-
vouring substances. 3-Cyclodextrin is particularly well suited for this method. It is a
cyclic glucose oligomer of seven glucopyranosyl units which forms inclusion com-
pounds with substances which, in terms of molecular structure, fit into the active
centre and which are less polar than water. Encapsulation with B-cyclodextrin has
been widely recognised as one of the most effective ways for protecting flavours
against oxidation, evaporation, heat and light degradation. The outcome of this encap-
sulation, as reflected by the flavour load, product yield, efficiency, etc., is not only
affected by intrinsic properties of the flavouring, but also by the preparation method.
For instance, the actual flavour load in a finished product arises as the initial flavour-
ing loading increases. However, it stops increasing beyond a saturation point whereas
the overall flavour recovery declines [9].

Forming a B-cyclodextrin complex can be as simple as mixing the cargo into a water
solution of the complex former, then drawing off the water by drying. The complex is
so easily formed because the hydrophobic interior of the B-cyclodextrin drives out the
water through thermodynamic forces. The hydrophobic portions of the cargo flavour-
ing readily take the water’s place. In general, it takes 10 parts of B-cyclodextrin to
every part of the cargo flavouring. Once encapsulated, the flavour is protected from
many of the same stresses as a traditionally encapsulated flavouring. The flavouring
does not even need to be completely within the cavity to be protected. However,
B-cyclodextrin does not offer much control over release. The complex releases as
soon as it contacts water. As soon as the water dissolves, an equilibrium forms
between what is encapsulated and what is free. Because the equilibrium is dynamic,
it creates a reservoir for the release of the flavouring. Whatever stays complexed is
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still protected. As the free flavour molecules interact with taste receptors, more are
freed from the complex to maintain the equilibrium. This can help to extend the time
intensity curve of the flavouring [/0].

A typical application of this process is the protection of instable, highly volatile and
high value-added flavour chemicals. Molecular inclusion can, for example, be used to
achieve a ‘long-lasting taste effect’ in chewing gum. The relatively high price of
B-cyclodextrin, however, does not allow a broad use in this context.

2.1.4.4 Outlook

All the important and relevant requirements for dry flavourings such as adjustable
properties, easy handling, improved shelf life and controlled release can be achieved
adequately with the described technologies. However, progress never stops and al-
ready other, newer technologies such as liposome and alginate encapsulation, cocrys-
tallisation and boundary surface polymerisation are ready for use. Liposomes form
capsules with one or more layers of phospholipids with a particle size from 25 nm up
to several micrometres. Alginate pearls may trap flavourings within their gelatinous
matrix; but, since flavour diffusion is somewhat restricted, the use of this technique
may be limited. Cocrystallisation means the inclusion of flavourings in carbohydrate
crystals and in boundary surface polymerisation, which takes place at the boundary
surface between lipophilic flavourings and the water phase. However, at this point we
are lacking approved effective polymers for food use. Furthermore the use of nanote-
chnology, which involves the study and use of materials at sizes of some nanometres,
could increasingly be used in the creation and development of flavouring systems in
the future [11].

All these processes may develop into useful methods for future encapsulation of
flavourings. Flavour technology remains an exciting business.
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2.1.5 Freeze Drying
Karl Heinz Deicke

2.1.5.1 General Remarks on Drying

Drying is one of the oldest methods of preservation employed by mankind. The
various methods of drying have a drastic impact on the original character of the
natural products. This has been acceptable as it always was the main aim to preserve
the most important nutritive substances.

The methods which are basically available for dehydration will be explained by
employing the phase diagram of water (Fig. 2.60). The starting point shall be within
the liquid phase.

Phase Diagram of Water
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Fig. 2.60: Phase Diagram of Water

Method A: Pressure reduction at constant temperature (vacuum drying)

If vacuum is applied, the phase boundary between liquid and vapour is reached at a
certain pressure and water starts to vaporize. To prevent a loss of temperature, heat —
the so-called heat of evaporation — has to be introduced from the outside. If all water
has been evaporated, a rise in temperature will ensue that can be taken as an indicator
for the end of the drying process. Although this method is gentle, the material to be
dried is puffed up and structural and cell deformations follow.

Method B: Temperature increase at constant pressure (thermal drying)

The phase boundary is reached by heating — although here at higher temperatures —
and the water vaporizes. If the system is kept open, the pressure remains constant. The
temperature remains at the evaporation point until all water has been vaporized. This
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leads to heavy strain on the biological material. Proteins and builders are denaturized,
chemical reactions are accelerated.

Method C: Temperature reduction at constant pressure (freezing)

With this method, the phase boundary between water and ice is reached. The free
water starts congealing below the freezing point. When all material is frozen, method
D can then follow.

Method D: Pressure reduction at constantly low temperature (freeze drying)

If the pressure is now reduced, analogous to method A, the phase boundary between
ice and vapour state is reached. Here, the ice starts to transform directly into vapour,
it sublimates. Again, heat has to be introduced, in this case not only the heat of
evaporation, but also the heat of sublimation inherent to ice. This does not lead to
melting of the ice, as the melting point is skipped by the detour C-D. If the heat of
sublimation is not introduced, the product will cool down further and the condition of
constant temperature would not be maintained. If all water is evaporated, the temper-
ature in the product increases as a result of the positive thermal balance and the drying
process has come to an end. This process, a combination of methods C and D, is
called freeze drying.

2.1.5.2 The Freeze Drying Process
2.1.5.2.1 General Considerations

The sublimation process can also be observed in nature. If wet laundry is hung on the
clothes-line in winter, it freezes and becomes stiff. After a certain period of time, the
laundry will be dry, although the temperature was continuously below the freezing
point. If such a ‘freeze-dried’ piece of clothing is compared with one which was dried
over a heater, it can be ascertained that the freeze-dried piece of clothing feels softer.
Thus, the method of drying must have had a considerable impact on the texture of the
material.

Basically, all products which contain water can be dried in this manner. After freez-
ing, the ice crystals remain at first at their original location in the structure. If vacuum
is applied, the ice sublimates directly without melting. This results in a porous, dry
product which has retained its original form. The volume has hardly changed, the cell
walls have been little affected, flavour and other main constituents have been treated
gently. If the product is to be restored to its former condition — to be reconstituted —
only water has to be added. Water sorption in freeze dried materials proceeds faster
than in conventionally dried products. For detailed studies on the fundamentals of
freeze drying see the literature [/-10].

2.1.5.2.2 The Construction of Freeze Drying Plants

The core of a freeze drying plant (Fig. 2.61) consists of a drying chamber and a set of
vacuum pumps. The pump should not be overexposed to water vapour, which pos-
sesses a very large volume in the low pressure range, and a cold trap is, therefore,
always inserted before the pump — a so-called ‘ice-condenser’. The material to be
dried is positioned on special trays which are put onto heater plates. These heater
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plates can be heated with steam or electricity. Such a system represents a static drying
method. With dynamic methods, the product is directly conveyed from one heater
plate to the other; this can be achieved by scrapers or by vibration. See Willemer [/17]
and Kamps [/2] for further details.

Other heating methods, such as IR and microwaves have also found application
[13-15].

T
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\3 1 Drying chamber

2 Ice condenser

3 Vakuum pump

4 Freezing machine

6 Heater plates

l ]

6 Trays

Fig. 2.62: Industrial freeze drying unit
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Fig. 2.62 shows an industrial unit employed at Dr. Otto Suwelack, D-48727 Biller-
beck, Germany: a tunnel type with inlet and outlet sluices for continuous operation.

2.1.5.3 The Quality of Freeze-dried Products
2.1.5.3.1 General Remarks

The quality of a freeze-dried product depends on a number of factors and questions of
processing technology. The most important are:

— condition of the raw material

— pretreatment of the raw material
— freezing step

— drying program

— treatment with inert gas

— packaging and storage.

The characteristics and importance of these processing steps will subsequently be
dealt with employing examples from the spice and flavour industry. A division into
three aspects can be made:

— flavour production from natural products
— flavour preservation in natural products and extracts
— flavouring other products.

2.1.5.3.2 Production of Flavourings from Natural Products

Finished mixtures for the food sector are often prepared with powdered flavourings.
Especially if natural finished flavourings are called for, the use of freeze-dried prod-
ucts should be taken into consideration. The dry matter of a natural extract contains
carbohydrates, proteins and other nitrogen compounds, fats and waxes, minerals,
vitamins, acids and flavouring substances, which all have an impact on the drying
behaviour.

It is advisable to perform a concentration step before drying. The less water has to be
removed during the actual freeze drying process, the more economical is the process-
ing. On the other hand, concentration can only be applied within certain limits. Apart
from problems with viscosity, the freezing point will for physical reasons decrease
with increasing concentration to such an extent, that already the freezing step can
become uneconomical. For an excellent overview of processing options for concentra-
tion purposes see Pala and Bielig [16].

For the following discussion, we will chose the method of freeze-concentration, as it
combines well with the ensuing freeze drying process. A solution of fructose in water
will be selected as a practical example for illuminating the physical principles.

If a 20% fructose solution is selected, Young [77] shows in diagram (Fig. 2.63), that
pure ice freezes out from this mixture at appr. -2.5°C; this is a result of the known
phenomenon of freezing point reduction in solutions. The freezing-out of pure ice,
however, causes an increase in the sugar concentration and thus a further freezing
point depression. This continues until a mixture of ice and fructose dihydrate is
present at -10°C. This lowest common solidification point is called ‘eutectic point’,
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the mixture is referred to as ‘eutectic’. True freeze drying is only possible below the
eutectic point, when all water is present as ice. A certain amount of pure ice will be
present in the sugar solution before reaching the eutectic point, which can be removed
by a simple separation process, such as centrifugation. This method is called ice- or
freeze-concentration and can be performed in several stages. During the subsequent
freeze drying less water has to be vaporized.

Water (%)
100 50 0
30 ] 1 1 1 1 1 1 1 1

1 Eutectic point -10°C / 45% fructose

2 Phase boundary ice / solution

3 Phase boundary fructose-dihydrate / solution
4 Phase boundary anhydro-fructose / solution

5 Phase boundary ice / supersaturated solution

Temperature (°C)

1 1 I I

1
0 50 100
Fructose (%)

Fig. 2.63: Phase diagram of the system D-fructose / water [17]

The frozen material is then exposed to vacuum in a chamber. The ice can now
sublimate as described. However, it has to be taken into consideration that, as men-
tioned, the heat of sublimation of 680 kcal per kg ice has to be applied. For practical
applications this means that the material has to be heated to prevent a decrease in
temperature and thus a reduction of the sublimation speed. At the end of the drying
process a porous product is obtained, the macro structure of which is basically the
same as in the preceeding frozen state.

Problems can occur with sugar-containing solutions and fruit juices if, during freezing
the solution, the sugar delays in crystallizing below the eutectic point and a supersat-
urated solution forms. The seemingly crystallized sugar then tends to foaming and
splashing: the dried layer breaks down — a phenomenon which is described as collapse
in the literature [/, 18-21]. In practical applications, the addition of water or carbohy-
drates can facilitate drying.

It remains to be added that the described model fructose/water can only be taken as an
illustration of the principles. Natural extracts possess a far more complicated compo-
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sition and trials in the laboratory have to be performed to determine the drying
behaviour.

Beke, Bartucz-Kovacs and Degen [22] report on the combination of the two methods
for coffee. As a result of its success in the market-place, freeze-dried coffee has
become the generic notion for freeze drying in general. Its production is the show-
piece for the combination of highly modern technologies. For an excellent summary
with a detailed overview of literature see Sylla [/9], Schweinfurt /23] and Kerkhof
[24]. The results depicted therein can be applied to the majority of questions concern-
ing the technology of flavour production from natural products.

Apart from the good flavour characteristics, freeze-dried coffee also possesses an
interesting structure. It consists of rather coarse, spongy, irregularly formed bits which
show good dissolution properties. The granulated material can be obtained by per-
forming a foaming-up process in the cold. This process can be directed within certain
limits to vary the bulk density in order to meet the individual demands. The expecta-
tions of the consumer set the standard for dosage. It is obvious that one teaspoon of
granular material should yield one cup of beverage.

Tea has encountered increasing importance. The various concentration and drying
methods for tea are discussed by von Bomben, Bruin, Thijssen and Merson [25]. With
black tea, it is possible to dry the pure extract. The freeze-drying process is exhaus-
tively treated in Deicke [26].

In the majority, herbal teas require a carrier matrix. Maltodextrines of various quali-
ties are used. These carbohydrates are capable of retaining volatile compounds to a
certain extent, as will be discussed in 2.1.5.3.3. These results can also be transferred
to other extracts.

2.1.5.3.3 Flavour Preservation in Natural Products and Extracts

(1) Natural Products

Experience has shown that freeze drying results in qualitatively superior products
when compared to other drying and preservation methods. Herbs such as basil, cher-
vil, dill, parsley, garlic, marjoram, oregano, rosemary, sage, tarragon, thyme and
watercress are especially suitable. Economical reasons can also play a role. Freeze-
dried products are, in contrast to fresh produce, constantly available all year round at
rather stable prices [27].

In the majority, good flavour preservation can be observed if the raw material’s
structure undergoes few changes. The volatile flavour constituents are well encapsu-
lated and can hardly be perceived in the dried products; it possesses a hay-like smell.
The natural flavour reappears with remarkable expressiveness only after rehydration
and swelling. Moreover, the natural colour of the fresh products reappear. The colour
of the dried product can be influenced by adjusting freezing temperature and pressure,
as Poulsen and Nielsen demonstrate for parsley and chives [28].

Detailed investigations on the behaviour of flavour components in herbs are described
in Huopalathi and Kesaelathi [29]. Tschogowadse and Bakhtadze [30] have per-
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formed a comparison of thermal drying and sublimation drying for the constituents of
coriander.

Green pepper is ideally suited for freeze drying. It possesses a different flavour profile
than the usual white or black product. The fresh, unripe fruits constitute the raw
material. During freeze drying, the berries hardly undergo any volume contraction and
the green colour is largely retained. The freeze-dried berry can be easily reconstituted
with water and it regains its original softness. On the other hand, it can also be well
used when dry, as the peppercorns can be easily crumbled with the fingers, no
peppermill is required.

To maximize the preservation of the volatile flavour constituents in natural products,
it is advisable to freeze out as much free water as possible, as the flavour constituents
then bind more strongly to the remaining structure. The single products show reten-
tion maxima at varying amounts of frozen-out free water. Therefore, the optimal
processing and drying program for each product to be freeze-dried should to be
determined individually through trials. This also applies to raw material composed of
several varieties or coming from different growing areas.

Maelkki Nikkilae, Aalto and Heinonen [31, 32] stress the importance of the raw
material quality of onions. Stieger [33] has investigated the suitablity of various
strawberry varieties. Processes for flavour preservation have been thoroughly exam-
ined with cultivated mushrooms, leading to an illumination of the most important
freeze drying parameters [34].

Even the best freeze drying process can not compensate poor prior preparation.

(2) Extracts

What applies to natural products, is also valid for extracts. The latter possess the
advantage that the optimal matrix for freeze drying can be assembled independently.
As mentioned above, good raw material, gentle extraction and an optimal freezing
process are prerequisitive. Fruit juices have been investigated by Capella, Lercker and
Lerici [35].

It also has to be mentioned that certain flavour losses always occur in the course of
freeze drying. In the majority, these are water vapour volatile constituents which
escape during the removal of water. A number of authors had dealt with this topic and
have investigated the possibility of flavour preservation through various absorbents
[36-40]. Studies with model character on the flavour retention of terpenic and non-
terpenic essential oils have been performed by Smyri and LeMaguer [41].

Maltodextrines constitute a good carrier matrix. They are characterized through the
range of starch degradation products with varying molecule size. A characteristic
number in this context is the so-called DE-value = dextrose-equivalent. Generally the
rule applies that the larger the molecules (low DE-value), the higher, and thus the
more advantageous, is the eutectic temperature. Mixtures of simple, reduced (high
DE-value) sugars are unsuitable. The investigations of Saint-Hilaire and Solms [42-
44] of orange juice give an overview.
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The preservation effect for flavours, however, proceeds oppositely. Kopelman, Mey-
dav and Wilmersdorf [45] have demonstrated with freeze-dried citrus flavourings that
the flavour preservation increases with rising DE-value. For practical applications,
analysis of the raw material and pre-trials with various carrier matrixes have, there-
fore, to be employed to find the optimum. The groups of Thijssen as well as Flink and
Karel [45-56] have performed exhaustive basic studies on this problem.

The structure of carbohydrates can also play an important role for flavour sorption.
Studies of Niediek and Babernics [58] deal with the flavour sorption properties of
amorphous saccharose and lactose. So far, they were able to confirm that the sorption
capability in the amorphous state is considerably higher than in the crystalline state.

Grinding processes also play a role for product quality, as Grinberg et al. [59-60]
report for apricots and apple purée.

(3) Shelf Life

When stored in closed, aroma-tight containers, ideally in the absence of air, freeze-
dried herbs possess good stability. Applying a nitrogen blanket results in further
improvement.

The storage stability of dried products depends on a number of material characteris-
tics. The water vapour sorption behaviour plays an important role [6/]. It is charac-
terized by sorption isotherms, which are typical for every material. The review article
by Wolf and Jung [61] provides abundant references, also on a number of herbs.

2.1.5.3.4 Flavouring Other Products

The number of so-called convenience products is increasing steadily. For the con-
sumer, they should be ready-to-use and ready-to-eat. With dried products, they mainly
contain powdered flavourings and, mainly for optical reasons, fruit or other granular
material. Such granules should, for reasons of quick reconstitutability, be present in
freeze-dried form.

They can be easily enriched with flavourings before freezing or freeze drying. In this
context, it is often advantageous to concentrate the defrosting-water of the ice-con-
densers, which contains volatile flavour constituents, and to add it to the granules.

Similarily, blanching water, an inevitable by-product of some production processes,
can be used. An example for cultivated mushrooms is described by Wu et al. [62],
who compare various drying methods. They report that thermal drum drying has the
best sensorical effect. In this case, freeze drying would only be of interest if the main
emphasis is on the structure of the granular material.

Freeze drying can be of advantage with convenience products if the flavouring is
mixed with the basic product and they are then dried together. With curd dessert with
fruit content, curd dishes and spreads it has turned out that the addition of certain
seasonings and flavourings has a stabilizing effect on the final product. This results
from their antioxidative properties. The components of curd, such as lactose and milk
protein, furthermore cause a good retention of the herb constituents. It is, however,
prerequisitive for these effects to take place that the seasonings and herbs are mixed
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with the substrate when fresh and that they are subsequently frozen together and then
freeze-dried.

For other product classes, it is characteristic that the flavour only forms or is changed
significantly during production. Thermal, enzymatic and microbiological processes
can be responsible for these changes. Examples are the ripening of salami and sour
dough fermentation. In both cases, undesired bacteria can cause off-flavour formation.

In the case of salami, starter cultures can be cultivated on meat substrate and freeze-
dried, where they remain active at a large rate. The storable culture substrate is added
to the salami raw mixture to start the desired ripening process. Depending on process
course, it can already contain flavour or flavour-precursors which contribute to accel-
erating the ripening process.

The latter plays an important role with freeze-dried sour dough. The microorganisms
cultivated on flour substrate already form a number of flavour constituents, which
stick well to the flour matrix. The subsequent freeze drying preserves both, flavour
and microorganisms. The resulting product saves time in the bakery and improves the
quality of bread.

2.1.5.3.5 Final Observations

The discussion of all these examples shows that, with the application of freeze drying,
each problem is situated differently. A detailed discussion with an application or
drying technologist can illuminate whether the technology is promising for the prob-
lem at hand. Often only trials give the desired answer and clarify further steps. Freeze
drying of foods, spices and flavourings represents a high-tech method, which can be
tailored to individual needs to yield modern products of the highest quality.

REFERENCES

[1] Goldblith, S. A.; Rey, L.; Rothmayr, W. W.: Freeze-drying and advanced food technology.; (1975)
[2] Kessler, H. G.: Chem. Ing Techn 47 (18), 55-759 (1975)

] Kessler H. G.: Gordian 6, 174-178 (1976)
[4] Lorentzen, J.: Kilte, 157-169 (1970)

1 Gutcho, M. H.: Freeze drying processes for the food industry.; Food Technology Review, Noyes
Data CorporationNo. 41, xii (1977)

[6] Neumann, K.: Grundrif der Gefriertrocknung, Géttingen (1954)

[71 Griesbeck, G.: Erndhrungsindustrie 11; 54-56; 12; 51-54 (1979)

[8] Willemer, H.; Lentges, G.; Honrath, M.: Developments in freeze-drying. Proceedings of the
Institute of Refrigeration; 79, 11-15 (1982)

[9] Lentges, G.; Oetjen, G. W.; Willemer, H.; Wilmanns, J.: Problems of measurement and control in
freeze-drying down to temperatures of -180 DEGC., Proceedings of the International Congress of
Refrigeration (13th Washington); 3, 707-715 (1971)

[10] Mellor, J. D.: Fundamentals of freeze-drying. Academic Press Inc, London (1978)

[11]  Verein Deutscher Ingenieure: Gefriertrocknung, Verfahren und Anwendungen in der Praxis. Hand-
buch zum Lehrgang, (Diisseldorf 1979)

[12] Kamps, H.: Industrielles Gefriertrocknen. Erndhrungswirtschaft; No. 8, 379-381 (1977); und No.
9, 438-442 (1977)

[13]  Attiyate, Y.: Microwave Vakuum Drying, Food Eng 51, 78-79 (1979)

[14] Aglio Gdall’; Gherardi, S.; Versitano, A.: Microwave, infra red and contact plate heating for
freeze-drying of some vegetable products. Industria Conserve; 51, 4, 282-289 (1976)

[15] Huet, R.: Aroma retention in tropical fruit powders obtained in a vacuum microwave oven. Fruits;
29 (5), 399-405 (1974)




Manufacturing Processes

[24]
[25]
[26]
[27]
(28]
[29]

(30]

[35]

— o ———
—_— S S g

[42]

[43]

Pala, M.; Bielig H.J.: Industrielle Konzentrierung und Aromagewinnung von fluessigen Lebens-
mitteln. Fortschritte in der Lebensmittelwissenschaft; No. 5, xiii386 (1978)

Young, F. E., Jones, F. T., Lewis, A. J.: J. Phys.Chem 56, 1093-1096 (1952)

Tsourouflis, S.; Flink, J. M.; Karel, M.: Loss of structure in freeze-dried carbohydrates solutions;
Journal of the Science of Food and Agriculture; 27 (6), 509-519 (1976)

Sylla, K. F.: Die Herstellung von Kaffee-Extrakt; Int. Kongr. “Kaffeechemie” Abidjan (1977)
McKenzie, A. P.: Ann N Y Acad Sci 125, 522-547 (1965)

McKenzie, A. P.: Bull Parenter Drug Assoc 20, 101-129 (1966)

Beke, G.; Bartucz-Kovacs, O.; Degen, G.: Production of soluble coffee using the combination of
freeze-concentration and freeze-drying. Bulletin de I’Institut International du Froid; 59 (4), 1120-
1121 (1979) Abstr. C1-2/

Schweinfurth, H.: Kaffee- und Kaffee-Extrakt, (in Kroll, K., Kast W., Trocknungstechnik 3. 186-
190 (1989), Berlin, Springer Verlag 1989

Kerkhof, P. J. A. M.: Preservation of aroma components during the drying process of extracts. (In
‘8th International Scientific Colloquium on Coffee’), 235-248 (1979)

Bomben, J. L.; Bruin, S.; Thijssen, H. A. C. ; Merson, R. L.: Aroma recovery and retention in
concentration and drying of foods. Advances in Food Research; 20, 1-111 (1973)

Deicke, K. H.: Tee- und Tee-Extrakt, (in Kroll, K., Kast W., Trocknungstechnik 3, 86-197 (1989),
Berlin, Springer Verlag 1989

N.N.: Herbal essence comes to food industry with new IQF/freeze dry plant in California.; Quick
Frozen Foods International; 35 (1), 126 (1993)

Poulsen, K. P.; Nielsen, P.: Freeze-drying of chives and parsley — optimization attempts. Bulletin
de I'Institut International du Froid; 59 (4), 1118-1119 (1979) Abstr. C1-77

Huopalahti, R.; Kesaelahti, E.: Effect of drying and freeze-drying on the aroma of dill — Anethum
graveolens cv. Mammut.(In ‘Essential oils and aromatic plants’, 179-184 (1985))

Tschogowadse, SchK., Bakhtadze, D.M.: Untersuchungen zur Veraenderung der aromatischen
Stoffe des Korianders durch Waerme- und Sublimationstrocknung. (Studies on changes in aro-
matic substances of coriander during heat-drying and freeze-drying.)Lebensmittel-Industrie; 24
(11), 513-515 (1977)

Maelkki, Y.; Heinonen, S.: Freeze-drying of high aroma onions. Journal of the Scientific Agricul-
tural Society of Finland; 50 (2), 125-136 (1978)

Maelkki, Y.; Nikkilae, O. E.; Aalto, M.: The composition and aroma of onions and influencing
factors.Journal of the Scientific Agricultural Society of Finland; 50 (2), 103-124 (1978)

Stieger, M.: Untersuchung von Erdbeersorten im Hinblick auf ihre Eignung fiir die Gefriertrock-
nung. (Study of strawberry varieties with regard to their suitability for freeze-drying.) Erwerbsob-
stbau; 17 (2), 26-29 (1975)

Kompany, E.; Rene, F.: Aroma retention of cultivated mushrooms (Agaricus bisporus) during the
freeze-drying process. Lebensmittel-Wissenschaft und -Technologie; 26 (6), 524-528 (1993)
Capella, P.; Lercker, G.; Lerici, C. R.: Aroma retention during freeze-drying of fruit juices:
volatiles behaviour evaluated by head-space gas chromatography. IV International Congress of
Food Science and Technology; 5b, 18 (1974)

Kerkhof, P. J. A. M.; Thijssen, H.A.: Proc. Int. Syp. Aroma Research, Zeist , (Centre for Agr.,
Publ. and Dok. Wageningen 1975), 167-192 (1975)

Maier H. G.: Lebensm Unters Forsch 141, 65 (1969) und 151, 384-386 (1973)

Thijssen, H. A. C.: J Food Technol 5, 211-229 (1970)

Maier, H. G.: Lebensm Unters Forsch 149, 65-69 (1972)

Maier, H. G.; Hartmann, R. U.: Lebensm Unters Forsch 163, 251-254 (1977)

Smyrl, T.G.; LeMaguer, M.: Retention of sparingly soluble volatile compounds during the freeze
drying of model solutions. Journal of Food Process Engineering; 2 (2), 151-170 (1978)
Saint-Hilaire, P.; Solms, J.: Ueber die Gefriertrocknung von Orangensaft. I. Der Einfluss der
chemischen Zusammensetzung auf die Sublimationstemperatur. [Freeze-drying of orange juice. L.
Effect of chemical composition of sublimation temperature.], Lebensmittel-Wissenschaft Technol-
ogie; 6 (5), 170-173 (1973)

Saint-Hilaire, P.; Solms, J.: Ueber die Gefriertrocknung von Orangensaft. II. Der Einfluss der
Einfriermethode auf die Gefriertrocknung. [Freeze-drying of orange juice. II. Effect of the freezing
method.], Lebensmittel-Wissenschaft Technologie; 6 (5), 174-178 (1973)




Freeze Drying 119

[44]
[45]
[46]
[47]
(48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

[59]

[60]
[61]

[62]

Saint-Hilaire P; Solms J: [Some aspects of the freezing and freeze-drying of orange juice.]
Mitteilungen aus dem Gebiete der Lebensmitteluntersuchung undHygiene 64 (1), 90-95 (1973)
Kopelman, I. J. ; Meydav, S.; Wilmersdorf, P.: Freeze drying encapsulation of water soluble citrus
aroma. Journal of Food Technology; 12 (1), 65-72 (1977)

Flink, J.; Karel, M.: Effect of processing conditions on quality of freeze dried foods. IV Interna-
tional Congress of Food Science and Technology; 5b, 15-16 (1974)

Karel, M.; Flink, J.: Mechanisms of retention of organic volatiles in freeze-dried systems. Journal
of Food Technology; 7 (2), 199-211 (1972)

Flink, J.; Gejl-Hansen, F.: Retention of organic volatiles in freeze-dried carbohydrate solutions:
microscopic observations. Journal of Agricultural and Food Chemistry; 20 (3), 691-694 (1972)
Flink, J.; Karel, M.: Effects of process variables on retention of volatiles in freeze-drying. Journal
of Food Science; 35 (4), 444-447 (1970)

Rulkens, W. H.; Thijssen, H. A. C.: The retention of organic volatiles in spray-drying aqueous
carbohydrate solutions. Journal of Food Technology; 7 (1), 95-105 (1972)

Flink, J. M.; Gejl-Hansen, F.; Karel, M., Microscopic investigations of the freeze drying of
volatile-containing model food solutions. Journal of Food Science; 38 (7), 1174-1178 (1973)
Karel, M.; Flink, J. M.: Influence of frozen state reactions on freeze-dried foods. Journal of
Agricultural and Food Chemistry; 21 (1), 16-21 (1973)

Karel, M.; Flink, J. M.: Influence of frozen state reaction on freeze dried foods., Abstracts of
Papers. American Chemical Society; 163: AGFD 12 (1972)

Thijssen, H. A. C.: Effect of process conditions in drying liquid foods on aroma retention.(
,-Proceedings of the 3rd Nordic Aroma Symposium.*) 154, 5-38 (1972)

Thijssen, H. A. C.: Prevention of aroma losses during drying of liquid foods.Dechema-Monogra-
phien; 70, 353-366 (1972)

Menting, L. C.; Hoogstad, B.; Thijssen, H. A. C.: Aroma retention during the drying of liquid
foods. Journal of Food Technology; 5 (2), 127-39 (1970)

Menting, L. C.; Hoogstad, B.; Thijssen, H. A. C.: Diffusion coefficients of water and organic
volatiles in carbohydrate-water systems. Journal of Food Technology; 5 (2), 111-26 (1970)
Niediek, E. A.; Babernics, L.: Aromasorptionseigenschaften von amorpher Saccharose und Lac-
tose Gordian; 79 (2), 35-36, 38-40, 42-44; (1979)

Grinberg, N. Kh.; Popovskii, V. G.; Kolesnichenko, A. 1.: Investigation into the retention of
aromatic components of freeze-dried apricot puree during granulation.Konservnaya i Ovoshchesu-
shil’naya Promyshlennost’; No. 7, 38-40 (1977)

Grinberg, N.Kh.; Popovskii, V. G.: Aroma retention during freeze-drying of apple puree. Konserv-
naya i Ovoshchesushil’naya Promyshlennost’; No. 11, 41-45 (1976)

Wolf, W., Jung, G.: Wasserdampfsorptionsraten fiir die Lebensmitteltrocknung; ZFL Intern. Z. f.
Lebensmittel-Technologie u. -Verfahrenstechnik; 35, (2), 61-126 (1985)

Wu, C. M.; Wu, J. L. P.; Chen, C.C.; Chou, C. C.: Flavor recovery from mushroom blanching
water; The quality of foods and beverages. Chemistry and technology. Vol. 1., 133-145 (1981)




120 Manufacturing Processes

2.2 Biotechnological Processes

Joachim Tretzel
Stefan Marx

2.2.1 Introduction

The previously described manufacturing processes for flavour chemicals and flavour
extracts primarily regard the physical and physico-chemical isolation and purification
of naturally occurring flavour chemicals derived from plant and animal tissue. The
huge area of organic chemical synthesis of nature-identical and synthetical flavour
chemicals is not within the scope of this book.

Table 2.10 shows that the isolation and purification of naturally occurring flavour
chemicals and extracts from animal and plant raw materials is most important for the
preparation of natural flavours. About 75% of the commercially used flavours come
from such natural sources. Physico-chemical reactions of typical flavour precursors
may also lead to natural flavouring substances when mild conditions (‘kitchen tech-
nology’) are applied. In addition, natural flavour chemicals may be prepared by
biotechnological processes. This chapter outlines the most important biotechnical
manufacturing techniques.

Table 2.10: Manufacturing processes for natural flavourings with typical examples. Technical
routes to natural flavourings

Physical Processes Chemical Processes Biochemical Processes

Isolation / Purification Modification Biosynthesis

« Extraction « Hydrolysis NVP « In-Situ-Fermentation
Meat Extract & Thermochemistry Cheese

« Distillation Coffee Roasting o Technical Bioreactors
Essential Oils y-Decalactone

¢ Chromatography
Beer Flavour

All flavouring substances found in nature are exclusively products of biochemical
reactions in Single cells (bacteria, yeasts, moulds) or in higher organisms. Most of
these reactions are enzyme catalyzed and take place in the ideal ‘bioreactor’: the
living cell.

In biotechnology man makes use of these multiple opportunities offered by nature for
the synthesis of materials. In general, all biotechnical processes are based on the
reaction of a living cell either directly with the raw material (fermentation with intact
micro-organisms, e.g. mediated by starter cultures) or these reactions take place inside
well controlled technical equipment, so-called bioreactors.

Therefore, there are in principle two different technical approaches to flavour produc-
tion:

(1) In-situ-fermentation with intact micro-organisms
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(2) “Technical bioreactors’ for

— The propagation of flavour producing micro-organisms

— The chemical transformation of flavour precursors by micro-organisms (bi-
otransformation)

— The production and modification of flavour chemicals from precursors by
enzymes

— The generation and modification of flavour materials by plant cell cultures.

The processes can be operated in open systems (unsterile fermentation) and in her-
metically closed sterile equipment, respectively, depending on the sensitivity of the
reaction system for microbiological contamination.

The generation of flavour chemicals by starter cultures or raw material borne enzymes
occurs directly in the food raw material itself. The flavouring products do not have to
be processed after reaction. In all other processes it is necessary to isolate, purify and
process the flavour substances by more or less complicated separation of the reaction
mixture. In the same way as desired flavouring compounds may be obtained by
flavour intensification or modification, also the opposite effect is observed. Flavour
loss and even formation of typical off-flavours may likewise be the consequence of
reactions of food-borne enzymes or such being generated by contaminating micro-
organisms in the food. Examples for such adverse biochemical reactions are off-
flavours in soy beans or oat flakes imparted by plant-borne lipoxygenases, rancid taste
in fat-containing food formed by microbial peroxidases and protein hydrolysis lead-
ing to bitter peptides by microbial proteases [/].

2.2.2 Flavour Generation by Fermentation of Food Raw Materials

The in-situ-generation of taste-giving materials directly in food by raw material borne
or imparted cultures of micro-organisms — so-called starter cultures — is one of the
most traditional and oldest food technological processes.

Table 2.11 gives an overview of traditionally produced foods by raw material borne
micro-organisms via spontaneous fermentation. In all cases the fermentation produces
or intensifies typical flavours. Starting materials in general are the usual building
blocks of foods: carbohydrates (oligo- and polysaccharides), proteins, peptides and
amino acids, fats and fatty acids, nucleic acids and minerals, organic and inorganic
acids. Still today, in the time of modern biotechnology, these traditional processes
have the biggest significance of all biotechnical processes in food technology. The
food industry, however, together with the pharmaceutical industry, has become by far
the most important employer of modern biotechnologists.

As result of a multitude of scientific investigations there is a very good theoretical
understanding of the basic mechanisms of flavour formation in biochemical reactions.
The application, however, of such processes is still more art and craftsmanship than
exact natural science. On the other hand, the industrial evaluation of such manufactur-
ing processes has led into better defined process conditions. There is significant
progress, especially in the reproducibility and constancy of quality of the obtained
products.
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Table 2.11: Spontaneous fermentation of plant-and animal-derived raw materials for genera-
tion of typical food flavours

Product Raw Materials Fermentation by
Plant Derived
alcoholic
Fruit derived:
wine Grape juice Saccharomyces cerevisiae, Oenococcus
oenos
champagne Wine Saccharomyces cerevisiae
Cereal derived:
Beer Barley malt Saccharomyces cerevisiae
Kwass Malt, Bread Yeasts, Lactobacillae
Brandy Wine Saccharomyces cerevisiae
Rum Sugar cane Saccharomyces cerevisiae
Vodka Potato, Corn Saccharomyces cerevisiae
non alcoholic
Vinegar Wine, Malt, Ethanol Acetobacter aceti
Sauerkraut Cabbage Gluconobacter oxydans
Lactobacillus plantarum
L. brevis, Leuconostoc mesenteroides
Sour dough Wheat flour Lactobacillae,
Saccharomyces cerevisiae
Coffee Coffee beans Enterobacteria, Lactobacillae, Yeasts
Cocoa Cocoa beans Yeasts, Lactobacillae, Acetobacteria
Kombucha Tea leaves, herbs Yeast, Lactobacillae (‘Kombucha fungus’)
Tea Tea leaves plant derived enzymes
Tobacco Tobacco leaves plant derived enzymes
Soy sauce Rice, Wheat, Aspergillus oryzae, Lactobacillae ssp., Pedi-
Soy beans ococci, Zygosaccharomyces ssp., Torulopsis
SSp.
Animal Derived
Emmentaler Cheese | Milk Lactobacillus helveticus, Streptococcus sali-
varius
Propionibacterium freudenreichii
Blue Cheese Milk Penicillium roquefortii
Roquefort Penicillium caseicolum and camembertii
Salami Meat Vibrio costicola, Pen. nalgiovensis
Anchovies Herring Staphylococcus spp.

An important step towards this was the further development of spontaneous fermenta-
tion by application of defined cultures of the desired micro-organisms which effect
the transformations (so-called starter cultures) [2].

The parameters for effecting and influencing a biotechnological reaction are:

— Type and amount of the fermenting micro-organisms
— Preconditioning of the food raw materials

— Temperature are aeration
— Other physico-chemical conditions (pH, viscosity, ionic strength).



Flavour Generation in Bioreactors 123

The application of well defined starter cultures enables the unequivocal determination
of the main route of fermentation. The micro-organisms imparted to the food raw
materials in the form of concentrated starter cultures quickly overgrow undesired
germs in the raw material because of their high initial count and suppress deviating
metabolic pathways which may give rise to misfermentations and off-flavours.

Starter cultures are mainly applied as liquid cultures with about 10* to 10" micro-
organisms per ml. They are also available in a freeze-dried or deep frozen preparation
with the advantage of very simple application.

To a limited extent a starter culture once established can be propagated on site (sour
dough, yoghurt cultures, yeast in the brewery).

Besides the application of a well defined starter culture which has to be tested every
time before use, the preconditioning of the food raw material is of critical signifi-
cance. This preconditioning ranges from simple washing to complete sterilization.
Besides, the supplementation of nutrients and the adjustment of a defined pH-value is
frequently decisive for the result of a fermentation.

Apart from these measures, the application of spontaneous and starter culture medi-
ated fermentative generation of flavour active substances does not require any further
technical equipment. This fact and the traditional experience with such processes are
the reasons for the still considerably high amount of food produced by this technol-
ogy. In 1990, such products exhibited a value of € 23 billion compared to the total
amount of € 91 billion in the same year for all food products /3].

Very recently an innovation in the field of soft drinks has been presented by the
beverage industry derived from fermented food materials. Traditional processes have
been used like the brewing of Kombucha, fermentation of malt wort and applewine
and cider-making for obtaining beverage bases after de-alcoholisation, if necessary. In
combination with fruit juices, purees and flavours, good but unconventionally tasting
beverages are obtained which at the same time provide additional benefits in the health
and well-being area, some of which have been proved in scientific assessments [4].

2.2.3 Flavour Generation in Bioreactors

When isolated biochemical catalysts (enzymes) or specially selected cultures of mi-
cro-organisms are to be used and more precisely defined reaction conditions are
required, the biotechnological system demands a better controlled environment. Mod-
ern biotechnology, therefore, can be addressed as a refinement and further develop-
ment of spontaneous fermentation with raw material inherent organisms.

It is the role of technical bioreactors in such advanced systems to create a specifically
defined environment for the biochemical reaction system producing or modifying
flavour substances. The most important purpose of such bioreactors is the well con-
trolled combination of food raw material and flavour precursor, respectively, with the
biological reaction centres. It also provides the means for survival and maintenance of
the centre’s metabolic activity. Presently there is laboratory and partially also indus-
trial experience with mostly all kinds of different micro-organisms and isolated bio-
catalysts:
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— Isolated purified enzymes, enzyme-mixtures, enzyme complexes
— Yeasts

— Moulds

— Bacteria

— Protozoa and algae

— Cell and tissue cultures of higher plants.

All biochemical reactions are enzyme-mediated. The rate of an enzyme reaction
depends on the substrate concentration at the location of the enzyme and thereby on
the diffusion rate of a substrate to the enzyme. It is therefore important to permanently
obtain an intimate contact between a cell or enzyme and substrate molecules. Addi-
tionally, the product generated in the bioreactor has to be extracted because it may
under certain conditions inhibit its own production. In some processes there may also
be even a prepurification in the bioreactor itself. If living micro-organisms have to be
applied, it is necessary to provide sufficient nutrition and respiration gases in case of
aerobic fermentation. All other reaction parameters such as temperature, pH-value
and reaction time have to be controlled precisely. In many cases (generally with
modern processes) the maintenance of microbiological integrity (sterile process) is
absolutely mandatory for a successful fermentation.

Besides that, fermentation can only be industrially attractive if the process provides
highest yields and exhibits an efficient isolation and purification process (downstream
processing) with only minimal product losses. Additionally, suitable substrates must
be commercially available at low cost. Finally, the generation of flavours by fermen-
tation in bioreactors will only be profitable if the desired product, be it a pure
substance or a complex flavour extract, is not obtainable with comparable quality by
inexpensive classical techniques.

By far the most critical economical parameter is the yield of a bioprocess, i.e. the
amount of product obtained relative to the raw materials applied, the working volume
of the bioreactor and the elapsed reaction time. The yield may be improved by the use
of more efficient biocatalysts as a result of screening programmes or genetic engineer-
ing as well as optimisation of downstream separation and purification techniques.

2.2.4 Surface Fermentation

The oldest and a relatively simple method for production of complex flavour extracts
is the fermentation of flavour raw materials by bacteria and moulds (aspergillus,
mucor) on solid nutrient media. The media is placed in simple thermostatic boxes on
baking-tray like plates to which the micro-organisms are inoculated. This technique
which has originated in Japan for the production of Koiji seasonings is still used today
for the production of soy sauce made from rough-ground cereals and soy beans which
are inoculated with special moulds. After incubating the nutrient media for several
days, it is finally extracted with water to isolate the fermented products contained in
the media [5]. For many years the Koiji technique was also the preferred method for
the production of enzymes which are secreted by bacteria and moulds into the extra-
cellular environment (the nutrient media). Another example for a traditional surface
fermentation process is vinegar production by acetic acid bacteria grown on the
surface of wood chips.
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2.2.5 Submerged Fermentation

Submerged fermentation is generally applicable for the manufacturing of cell prod-
ucts by propagation of micro-organisms and cell cultures in a fluid nutrient media.
The submerged fermenter (diagram shown in Figure 2.64) is normally operated in a
sterile manner i.e. all components have to be sealed against the environment by ports
which are air-tight and impenetrable by bacteria. The whole fermenter consisting of
an agitated tank with thermostatic mantle, a stirrer and several lines for respiratory
gases, pH regulation agents, nutrient source etc. has to be autoclaved prior to reaction.
Therefore, it must be able to withstand sterilization with overheated steam at 121°C.
In the course of aerobe fermentations, the micro-organisms have to be supplied with
respiratory gas in the fermenter by an intense aeration system. Depending on the heat
balance of the reaction sometimes huge amounts of heat have to be removed by
cooling registers which are built into the fermenter. With complex measuring and
controlling devices the environmental conditions within the fermenter for pH, temper-
ature, ionic strength and nutrient concentration are controlled with high accuracy.
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Fig. 2.64: Diagram of a submerged fermenter

As a consequence of the adverse operating conditions (sterilization heat; viscose,
particle containing media with high dry matter content; protein containing solutions
tending to sedimentation; aggressive cleaning aids; gas-bubble containing media) the
sensors for retrieval of the control data are constructed in a complicated and expensive
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way. The on-line analysis of exhaust gas composition by specific sensors allows the
continuous evaluation of the activity of the fermenting micro-organisms. In this way an
on-line evaluation of the productivity rate of the micro-organism culture is achievable.

By combination of all data thus obtained the process may be controlled with sufficient
precision by a process computer. The culture within the fermenter can be maintained
over a considerable amount of time in the state of maximum productivity.

The initial propagation of a culture of micro-organisms for production fermenters
with payloads up to 200 m3 is achieved via several steps of one order of magnitude
each. One starts with the laboratory scale (1 1) via diverse inoculum fermenters (10,
100 1) to obtain a sufficient count and concentration of living micro-organisms for the
fermentation. For any successful fermentation a limiting density of living micro-
organisms of about 10® per ml is required.

Submerged fermentations are mostly operated in batch processes but can also be run
continuously in certain cases (continuous fermentation). Batch fermentations may last
up to 10 days. Following the fermentation the flavour raw material is extracted from
the fermentation broth. In industrial fermentations typically cell counts of 10-30 g/l
are obtained. For a profitable cost/efficiency relation a product yield of 20-30 g/l has
to be achieved. Aerobe fermentations require oxygen transfer rates to the fermentation
broth of about 100 mmol/I per hour. Depending on the viscosity of the media 0.75-2.5
KW stirring power has to be applied for each m3 of fermentation broth.

2.2.6 Downstream Processing

Depending on the remainder of the product synthesized by the micro-organisms
(inside the cell or secreted to the media) downstream processing commences either
with a disruption of the cell walls or directly with the separation of biomass and
particulate matter from the fermentation broth by centrifugation, decantation or filtra-
tion. Further processing and purification of the product is achieved by salting-out,
fluid extraction, distillation or concentration by evaporation of the fermentation broth,
depending on the chemical nature of the product. According to the desired product
purity further purification steps may have to follow e.g. chromatography or fraction-
ated precipitation [6]. All isolation and purification processes rely on the classical
physico-chemical processes described in chapter 2.1. The diversity of aroma com-
pounds from micro-organisms is apparently unlimited, but many of the processes used
are currently not economically feasible. In particular, product inhibition can limit the
yield of a bioreaction, as metabolism of most micro-organisms is only possible within
a narrow range of metabolite concentration. As product inhibition often results in a
fermentation broth with a low concentration of products, large reactor volumes are
required to meet production demands and the broth has to undergo costly downstream
processing to recover the diluted product. Product inhibition can, however, be reduced
or avoided by withdrawing inhibiting substances from the fermentation. This concept,
often referred to as ‘in situ product removal (ISPR)’ requires a biocompatible separa-
tion operation that is highly selective for the inhibiting substances. These require-
ments can be met by the use of organophilic pervaporation membranes [7, §]. In
general all recovery processes of flavour substances have to follow the principle of
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minimal processing, i.e. minimising excessive heat, pressure and mechanical forces,
in order to maintain the quality of the flavours and the integrity of the biocatalyst
(enzyme or micro-organism). Chromatographic and membrane techniques have been
widely applied for this purpose. Figure 2.65 schematically depicts fermentation and

downstream processing for a water soluble cell product.

2.2.7 Enzyme Reactors

In the case of utilizing isolated enzymes for generation and modification of flavour

substances from precursors, enzyme reactors may be applied.
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To put it simple, the enzyme reactor is an agitated tank reactor in which the substrate
is placed and stirred together with the enzyme for a certain period of time at a certain
temperature in the liquid phase. The enzyme is added preferably in a concentration of
0.1 to 1% and is lost after completion of the reaction.

If expensive enzyme preparations have to be used it is possible to immobilize the
enzyme and reuse it after the reaction is completed. For this purpose the enzyme may
be coupled to a particulate carrier [9]. It is also possible to use an enzyme membrane
reactor by including the high molecular weight enzyme proteins into a membrane
compartment [/0]. Reactions with carrier bound enzymes may be performed in spe-
cial reactors (e.g. fixed bed, fluidized bed). When the reaction is completed the
enzyme containing carrier beads are separated from the media and reused after gentle
cleaning. In the enzyme membrane reactor the high molecular weight enzyme protein
is rejected from the membrane which it cannot permeate. Educts and products of the
enzyme reaction contained in the media flowing across the membrane can be trans-
ported through the membrane. With such membrane reactors (diagram in Figure 2.66)
it is possible to transform precursors continuously into flavour substances. The ob-
tained reaction mixture also has to be processed after reaction by the techniques
mentioned above.
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Fig. 2.66: Biotransformation of a flavour precursor into a flavour product by enzymes in a
membrane reactor
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2.2.8 Cell Culture Reactors

The production of flavour substances by cell or tissue cultures is still a dream for the
future in most cases. Today the extraction of product from intact living plants is still
less expensive than the production by isolated cells and tissues. On the other hand, it
is very attractive to make use of the secondary metabolism of plant cells for the
synthesis of natural flavours in a controlled way to avoid contaminating by-products
and thus considerably simplify downstream processing. Further advantages of such
cell culture systems would be the independence from agriculture combined with the
risk for possible shortage and variances in product quality, the ability to scale-up the
process to create an inexhaustible source of well-defined product.

Secondary metabolism comprises the side paths of the ordinary metabolism, so-called
primary metabolism which are activated in the cell in rest situations or under limiting
conditions for nutrient and energy supply. In most cases, secondary metabolism is
linked to the building blocks responsible for growth and reproduction which are
products of primary metabolism and is hallmarked by a multitude of reactions, inter-
mediates and final products. Starting materials for the secondary metabolism are e.g.
amino acids, sugars and the co-enzymes of the primary metabolism. Only a very small
fraction of formation mechanisms and the product variants of plant secondary metab-
olism have been characterized yet.

Fermentation of cell cultures is difficult and technically complicated [/, 12]. Con-
trary to single cell micro-organisms, higher cells require an environment similar to the
one found in living organized tissue for survival and growth as well as for their
metabolism. Critical environmental factors are light, nutrients, respiratory gases, hor-
mones and growth factors. Metabolism waste materials and the products of synthesis
from primary and secondary metabolism pathways have to be removed from the
fermentation broth. Additionally, absolute sterility of the media is mandatory, because
isolated cell tissue is by far more sensitive to microbial contamination than natural
organisms.

Fig. 2.67: Fibroblast cell culture grown on a dialysis membrane

Isolated plant cells also tend to de-differentiate with progressing in-vitro cultivation
time. Thus product generation can come to an absolute halt. In many cases de-
differentiation can be delayed by the formation of a tissue-like structure of cells. This
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may be achieved by immobilizing cells in gels or by growing the cells to surfaces like
polymer beads, textile fiber fabrics and membrane surfaces (Figure 2.67) to form a
cell layer, a so-called callus culture [13].

Preparing a plant cell culture one makes use of the pluripotency of plant cells which
develop back to meristema cells after explanting them from the natural tissue (de-
differentiation). Meristema cells may undergo unlimited segmentation and therefore
can be propagated very easily. In culture such cells quickly lose their special tasks
(piping, supporting, metabolic activity), which they had in the intact living plant. In
many cases, however, their secondary metabolism pathways remain sufficiently active
or may be reactivated by applying special culture conditions regarding nutrients,
hormones or growth factors. As mentioned above, these pathways are also responsible
for the formation of typical flavour substances in the plant.

In modern plant propagation techniques plant callus cultures are increasingly utilized.
For this reason, there are considerable practical experiences with that type of cell
culture methodology. Figure 2.68 outlines the preparation of a plant cell culture.

Plant cells or tissues may be fermented like micro-organisms in the submerged fer-
menter if grown on the surface of carrier beads or are kept in suspension. There is also
experience in the operation of special membrane reactors for this purpose [/3].
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Scientific results regarding the generation of flavouring materials from plant cell
cultures on laboratory scale are available for quinine, capsaicin, quassin, vanillin,
cocoa, citrus oils, peppermint oils, apple etc. [14, 15].

The various pathways of secondary metabolism of plants leading mostly into complex
flavour mixtures need further systematical experimental evaluation. After all it seems
to be very attractive to make use of the synthetic performance of the natural organism
for the production of flavours. In order to develop this technology into competitive
and reliable industrial production, further optimization of process engineering is
mandatory, e.g. identification and characterisation of the biosynthetic pathways in-
volved or engineering of plant secondary metabolism to overcome limitations. Al-
though huge advantages in understanding the metabolic production have been ob-
tained by genomic, proteomic and metabolic approaches, this target still seems to be
in the distant future [16, 17].

2.2.9 Genetic Engineering

Genetic engineering comprises the modification of organisms in order to support
traditional screening methods to alter metabolic pathways and products by manipula-
tion of the DNA in the genes [/8]. Figure 2.69 shows the cloning of a gene as
example for a production process based on genetically engineered bacteria. The
toolbox of a genetic engineer is depicted in Figure 2.70.

Genetic engineering provides organisms which may produce products of normal
metabolism in considerably enhanced yields or which may also synthesize completely
new products. The modifications achieved by genetic engineering are inherited by the
following generations. Genetic engineering today is a routine technique for micro-
organisms. There is wide experience with a significantly enhanced production rate of
enzyme synthesis in industrial production by multiple expression of genes responsible
for enzyme synthesis in production organisms (self-cloning). The first results have
been reported on industrial scale production with purposely modified higher organ-
isms like plants [/9, 20]. Genetic engineering offers other possibilities for further
development to producers of biotechnical flavours.

It is possible to ferment ultra-pure enzymes without side activities by micro-organ-
isms. Such products have only been accessible through isolation from animal tissue
(e.g. chymotrypsin, a protease in cheese manufacturing). On the other hand, genetic
engineering can also lead to the production of enzymes which are specifically tailored
for their desired usage (‘enzyme engineering’). Taking into account cell culture tech-
niques instead of intact flavour producing plants, genetic engineering may make it
feasible to significantly increase production of flavouring substances (e.g. flavr savr®
— tomatoes, genetically modified by CALGENE, Inc. in California: Depressed synthe-
sis for plant-borne polygalacturonases which liquefy the fruit tissue in the ripe state)
[21]. State-of-the-art techniques of the ‘directed evolution” approach and the ‘genome
shuffling’ approach have led to dramatic progress by the directed and time-efficient
development of novel enzymatic processes. These techniques in combination with
high-throughput screening [22] enable the efficient production of enzymes which are
specifically tailored for their desired application. A general overview is given by
Bornscheuer and Pohl [23].
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Table 2.12 gives an overview of presently investigated genetically engineered fla-
vours, processing aids and other food ingredients [24].
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Table 2.12: Genetically engineered products for the food industry

Product Biological Use Actual Situation
Source
Chymosin Calves Cheese Making Production Process by Fermen-
tation of Yeast Available. Ap-
proval in the Final Stage.
Thaumatin Plants Sweetener Production Process by Fermen-
tation of Yeast Available.
Protease Various Micro- Cheese Flavour Various Proteases Cloned, Im-
Peptidase organisms provements by Enzyme Engi-
neering (Focused on Use in De-
tergents)
Lipases Various Micro- | Flavour Produc- Various Enzymes Cloned
organisms tion (Cheese)
Amylase Various Micro- | Flour Supplement | Various Enzymes Cloned
organisms;
Plants
Phospholipase | Pig’s Pancreas Modified Egg Expression in Yeast; Protein En-
Yolk; Emulsifying | gineering
a-Galactosidase | Plant Gum Modification | Production Process by Fermen-
tation of Yeast Available
Diacetyl Vita- Streptococcus Flavour Genetic Engineering under
min C Amino Study. Production of Precursor
Acids in E. Coli
Terpenoids Moulds Flavour Genetic Engineering under
Study

All genetically engineered flavour production processes yield purely natural flavours.
However, as to their labelling they have to be seen in the context of the EU Biotech-
nology Guideline. Presently, however, there is a widespread scepticism and reluctance
among legislatures and non-governmental organisations as regards genetically modi-
fied organisms (GMO) and biotechnical processes which have led to a significant
aversion among consumers. Incentives from the market place are therefore lacking to
rapidly drive this technology.
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3.1 Introduction

Giinter Matheis

During the early days of history, people used mainly herbs and spices (whole or
ground) to impart flavour to, or modify the flavour of, foods. It was only in the Middle
Ages that some extraction of plant materials started, followed by distillation of essen-
tial oils. The latter were predominantly used by pharmacists, and it was not until the
19th century that some people found out that essential oils can be used to impart
flavour to foods. In the second half of the 19th century, chemists began to realize the
flavouring potential of some synthetic chemicals (e.g. vanillin, which was synthesized
from guaiacol). Thus was born the flavour industry around the middle of the 19th
century.

The first raw materials for the flavour industry included extracts, tinctures, oleoresins,
juice concentrates, essential oils, and a few synthetic chemicals (Tab. 3.1). Up to the
1950s, flavour research was concentrated on the isolation, structural analysis, and
synthesis of just a few quantitatively outstanding natural materials (Tab. 3.1). The
situation changed dramatically with the advent of gas chromatography as a means of
analysis, especially in conjunction with mass spectrometry.

At the start of modern flavour research, the prime object of investigation was to find
out how many individual components made up a flavour and which they were. That
phase has today passed its peak. More than 4,000 chemicals have been identified as
flavouring substances. There may well be more awaiting discovery.

Table 3.1: Chronology of flavour research and development [1]

Period Remarks

Before 1900 Import of tropical fruits and spices
Identification of some flavouring substances
Synthesis of some flavouring substances

Ca. 1900-1950  Start of structural analysis of flavouring substances
Improvement of extraction and distillation processes
Improvement of synthesizing techniques

Ca. 1950-1970  Introduction of chromtography and spectral photometry for analytical
characterization of flavouring substances
Evidence of hundreds of individual components in a single flavour
Development of flavourings with up to 30 individual components (pre-
dominantly nature-identical flavouring substances)

Since ca. 1970  Identification of flavouring substances by gas chromatography coupled
with mass spectrometry (GC/MS)
Development of flavourings with up to 80 individual components (pre-
dominantly nature-identical flavouring substances)
Biotechnological methods to produce natural flavourings and natural fla-
vouring substances
Growing importance of natural flavourings
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Today, society demands that the food industry should provide the required quantity of
good tasting, nourishing food to satisfy the demand at as low a price as possible. The
modern trend is towards the consumption of more processed and convenience foods
calling for a wide spectrum of flavouring effects. The flavour industry serves the food
industry by providing a great variety of flavourings.

What is a flavouring?

Various definitions in the literature emphasize the idea that a flavouring is any sub-
stance (single chemical entity or blends of materials of synthetic or natural origin)
whose primary purpose is to impart flavour /2-4]. The definitions of the International
Organization of the Flavour Industry (IOFI) and of the Council of the European
Communities are given in Tab. 3.2. It is obvious from these definitions that flavour-
ings consist of ingredients that contribute to the flavour of foods and of ingredients
that do not contribute to the flavour. The latter are flavour adjuncts and include, for
example, solvents, carriers, preservatives, and food additives.

Table 3.2: Definitions of flavouring according to the International Organization of the Flavour
Industry [5] and to the Council of the European Communities [6]

International Organization
Flavour Industry, 1990

Council of the European
Communities, 1988

Concentrated preparation, with or without
flavour adjuncts®, used to impart flavour,
with the exception of only salty, sweet or
acid tastes. It is not intended to be consumed
as such.

Flavouring means flavouring substances, fla-
vouring preparations, process

flavourings, smoke flavourings or mixtures
thereof.

Flavourings may contain foodstuff as well as
other substances®.

a: b:

Food additives and food ingredients neces-
sary for the production, storage and applica-
tion of flavourings as far as they are nonfunc-

Additives necessary for the storage and use
of flavourings, products used for dissolving
and diluting flavourings, and additives for

tional in the finished food. the production of flavourings (processing
aids) where such additives are not covered by

other Community provisions.

It should be noted here that, according to the recommendations of the IOFI /5], the
terms flavour and flavouring should not be used as synonyms. Flavour should only be
used to describe effects upon the senses, whereas flavouring means a preparation
used to impart flavour.

3.2 Flavouring Ingredients

IOFI and Council of Europe definitions of flavouring ingredients that are permitted in
flavourings are summarized in Tab. 3.3. They will be discussed in detail in the
following paragraphs.
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Table 3.3: IOFI and Council of Europe definitions of flavouring substance, flavouring prepa-

ration, process flavouring, and smoke flavouring [5, 6]

IOFI, 1990

Council of Europe, 1988

Flavouring substance

Natural flavouring
substance

Nature-identical fla-
vouring substance

Artificial flavouring
substance

Flavouring preparation

Defined chemical component
with flavouring properties, not
intended to be consumed as
such

Defined substance obtained by
appropriate physical, micro-
biological or enzymatic proc-
esses from a foodstuff or mate-
rial of vegetable or animal ori-
gin as such or after processing
by food preparation processes

Flavouring substance obtained
by synthesis or isolated
through chemical processes
from a natural aromatic raw
material and chemically identi-
cal to a substance present in
natural products intended for
human consumption, either
processed or not

Flavouring substance, not yet
identified in a natural product
intended for human consump-
tion, either processed or not

A preparation used for its fla-
vouring properties, which is
obtained by appropriate physi-
cal, microbial or enzymatic
processes from a foodstuff or
material of vegetable or animal
origin, either as such or after
processing by food preparation
processes

Defined chemical substance with fla-
vouring properties

Flavouring substance obtained by phys-
ical processes (including distillation
and solvent extraction) or enzymatic or
microbial processes from material of
vegetable or animal origin either in the
raw state or after processing for human
consumption by traditional food prepa-
ration processes (including drying, tor-
refaction and fermentation)

Flavouring substance obtained by
chemical synthesis or isolated by chem-
ical processes and which is chemically
identical to a substance naturally
present in material of vegetable or ani-
mal origin

Flavouring substance obtained by
chemical synthesis but which is not
chemically identical to a substance nat-
urally present in material of vegetable
or animal origin

A product, other than flavouring sub-
stances, whether concentrated or not,
with flavouring properties which is ob-
tained by appropriate physical proc-
esses (including distillation and solvent
extraction) or by enzymatic or micro-
bial processes from material of vegeta-
ble or animal origin, either in the raw
state or after processing for human con-
sumption by traditional by traditional
food-preparation processes (including
drying, torrefaction and fermentation)
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10FI, 1990 Council of Europe, 1988

Process flavouring A product or mixture prepared A product which is obtained according
for its flavouring properties to good manufacturing practices by
which is produced from ingre- heating to a temperature not exceeding
dients or mixtures of ingredi- 180 °C for a period not exceeding 15

ents which are themselves per- minutes a mixture of ingredients, not
mitted for use in foodstuffs, or necessarily themselves having flavour-
are present naturally in food-  ing properties, of which at least one
stuffs, or are permitted for use  contains nitrogen (amino) and another
in process flavourings, by a is a reducing sugar

process for the preparation of

foods for human consumption.

Flavour adjuncts may be

added

This definition does not apply

to flavouring extracts, proc-

essed natural food substances

or mixtures of flavouring sub-

stances

Smoke flavouring Concentrated preparation, not A smoke extract used in traditional food
obtained from smoked materi- foodstuff's smoking processes
als, used for the purpose of im-
parting a smoke type flavour to
foodstuffs. Flavour adjuncts
may be added

3.2.1 Chemically Defined Flavouring Substances

A flavouring substance is a defined chemical component or substance with flavouring
properties (Tab. 3.3). Various synonyms are in use, e.g. flavour substance, flavour
chemical, flavour(ing) component, flavour(ing) compound, flavouring agent, aroma
compound, aroma chemical, and others. Since flavour includes both taste and odour,
a flavouring substance may be a substance that causes either taste or odour impres-
sions, or both.

Flavouring substances that cause only taste impressions are defined as “substances
that are usually non-volatile at room temperature. Therefore, they are only perceived
by the taste receptors” [7]. Examples are sucrose (sweet) or caffeine (bitter). Flavour-
ing substances causing odour impressions are ‘“volatiles that are perceived by the
odour receptors” [7]. Examples are ethyl butyrate or dimethyl sulfide. Some flavour-
ing substances are perceived by taste and odour receptors (e.g. acetic acid, butyric
acid).

Flavouring substances may be classified into natural, nature-identical, and artificial
flavouring substances (Tab. 3.3). These will be discussed below in detail.

3.2.1.1 Natural Flavouring Substances

Natural flavouring substances may be obtained by physical, enzymatic, or microbial
processes from materials as defined in Tab. 3.3. Enzymatic and microbial processes
are also known as biotechnological processes.

Thirty years ago, relatively few natural flavouring substances were available. Today,
more than two hundred natural flavouring substances of high purity are at our dis-
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posal. Among these are approx. one hundred esters. In addition, up to one hundred
natural flavouring substances of less purity and mixtures of 2 to 5 natural flavouring
substances are available, e.g. “green notes” (hexanal, isomeric hexenals, and corre-
sponding Cs alcohols), “pineapple enhancer” (allyl caproate and other substances),
pyrazine mixture (2,5- and 2,6-dimethyl pyrazines), methyl ketone mixture (2-hep-
tanone, 2-nonanone, 2-undecanone), sinensal fraction ex orange (20 % of a- and B-
sinensal), and many more. These products belong to the class of “flavouring prepara-
tions” (see 3.2.2.).

3.2.1.1.1 Natural Flavouring Substances Manufactured by Physical Processes

Physical processes (see chapter 2) for isolation of natural flavouring substances in-
clude distillation, solvent extraction (including supercritical carbon dioxide), and
chromatography. Major sources are essential oils. These may be derived from various
parts of aromatic plants such as fruits (e.g. citrus, fennel), fruit parts (e.g. mace),
flowers (e.g. safflower), flower parts (e.g. saffron), flower buds (e.g. clove), bulbs
(e.g. onion), barks (e.g. cinnamon), leaves (e.g. basil), leaves and twigs (e.g. mandarin
petitgrain), rthizomes (e.g. ginger), roots (e.g. angelica), and seeds (e.g. mustard).

Tab. 3.4 lists some natural flavouring substances that are isolated from essential oils
by physical processes. Cinnamic aldehyde and benzaldehyde have been isolated as
early as 1834 and 1837, respectively.

Table 3.4: Selection of flavouring substances isolated from essential oils by physical methods

Flavouring substance =~ Odour /8] Possible Source

Anethol

Herbaceous-warm, anisic Anise (Pimpinella anisum)
Fennel (Foeniculum vulgare)

Staranise (Illicium verum)
Allyl isothiocyanate

Pungent, stinging Black mustard (Brassica nigra)

Benzaldehyde Bitter almond Bitter almond (Prunus amygdalus var.
amara)
D-Carvone Warm-herbaceous, breadlike, Caraway (Carum carvi)
spicy, floral, caraway, dill
L-Carvone Warm-herbaceous, breadlike, Spearmint (Mentha spicata)
spicy, spearmint
1,8-Cineole Fresh, camphoraceous-cool Eucalyptus (Eucalyptus globulus)

Cinnamic aldehyde Warm, spicy, balsamic Cassia (Cinnamomum cassia)

Cinnamon (Cinnamomum zeylani-

Dimethyl sulfide

Eugenol

Sharp, green radish, cabbage
Warm-spicy

cum)

Citral Lemon Lemongrass
(Cymbopogon citratus, C. flexuosus)
Litsea cubeba

Citronellal Fresh, green, citrus Eucalyptus citriodora

Decanal Orange peel Orange (Citrus sinensis)

Cornmint (Mentha arvensis)

Clove (Syzygium aromaticum)
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Flavouring substance

Odour /8]

Possible Source

Geraniol

Geranyl acetate
(Z)-3-Hexenol
D-Limonene

Linalool

Linalyl acetate
Massoia lactone

Methyl chavicol

Methyl cinnamate

Methyl N-methyl
anthranilate

Nootkatone

Terpinenol-4
Thymol

2-Undecanone

Floral, rose

Sweet, fruity-floral, rose, green
Green, grassy
Fresh, orange peel

Refreshing, floral-woody

Sweet, floral-fruity
Coconut

Sweet-herbaceous, anise, fen-
nel

Fruity-balsamic

Musty-floral, sweet

Fruity, sweet, citrus, grapefruit
peel

Warm-peppery, earthy-musty

Sweet-medicinal, harbaceous,
warm

Fruity-rosy, orange-like

Palmarosa (Cymbopogon martini)
Citronella (Cymbopogon nardus)

Lemongrass (Cymbopogon citratus)
Cornmint (Mentha arvensis)
Citrus (Citrus species)

Basil (Ocimum basilicum)

Bois de Rose (Aniba rosaeodora)
Camphor tree (Cinnamomum cam-
phora)

Bergamot mint (Mentha citrata)
Massoia tree (Cryptocaria massoia)

Basil (Ocimum basilicum)

Eucalyptus campanulata

Mandarin (Citrus reticulata)

Grapefruit (Citrus paradisi)

Tea tree (Melaleuca alternifolia)

Thyme (Thymus vulgaris)
Origanum (Origanum vulgare)

Rue (Ruta graveolens)

Besides these volatiles, various non-volatile flavouring substances are also isolated
from plant material. Examples are the bitter tasting substances amarogentin and
naringin, the pungent components capsaicin and piperine, and the sweet tasting sub-
stances hernandulcin (from the Mexican herb Lippia dulcis), stevioside (from the
leaves of Stevia rebaudiana), glycyrrhizin (from licorice root), osladin (from the
rhizomes of Podiophyllum vulgare), phyllodulcin (from Hydragea macrophylla),
thaumatins (from Thaumatococcus danielli), and monellin (from Dioscoreophyllum
cummiusii).

3.2.1.1.2 Natural Flavouring Substances Manufactured by Biotechnological
Processes

A selection of biotechnological processes that are used to produce natural flavouring
substances is shown in Fig. 3.1 (see also chapter 2.2). Note that physical processes
(see 2.1) are always involved in isolating the products from the fermentation broth.

Plant homogenates have been considered as potential sources of natural flavouring
substances. Special interest has been devoted to the so-called “green notes” (hexanal,
isomeric hexenals, and corresponding Cs alcohols) [9-10]. In spite of our knowledge
about the fundamental steps of biogenesis (Fig. 3.2), industrially interesting amounts
have not been achieved as yet. Nevertheless, the process has been patented using
strawberry leaves [/1] and soy beans [/2] as homogenates.
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Plant homogenates

—

Tissue cultures : Isolated
Raw _— Crude Physical | and
materials Microorganisms products | =™ | purified

—_— processes | products

Industrial enzymes

———————————

Fig. 3.1: Selection of biotechnological processes for the production of natural flavouring
substances
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Fig. 3.2: Formation of “Green Notes” from lipids (ADH = alcohol dehydrogenase)

With mushroom homogenate, a process for the production of (R)-1-octen-3-ol (Fig.
3.3) has been developed [/3]. To improve the yield of (R)-1-octen-3-ol, a lipid rich in
linoleic acid and the commercially available enzyme lipase may be added to the
mushroom homogenate.

A number of different types of plant tissue cultures (e.g. suspension cultures, differ-
entiated cultures, immobilized cultures, and transformed cultures) have been studied
for the production of flavouring substances [/4-19]. As de novo biosynthesis has been
found unsuccessful in most cases (exceptions are shown in Tab. 3.5.), biotransforma-
tion of added precursors has been studied extensively. Fig. 3.4 shows some examples
of biotransformation of terpenes by suspension cultures. Tab. 3.6 lists some biotrans-
formations by suspension or immobilized cultures.
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Fig. 3.3: Formation of (R)-1-octen-3-ol from lipids
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Fig. 3.4: Biotransformation of terpenses by suspension cultures [23]

Table 3.5: Examples of de novo biosynthesis of flavouring substances by tissue cultures [16,
20-22]

Plant Flavouring substance Organoleptic properties
Pimpinella anisum Anethol Herbaceous-warm, anisic
Coffea arabica Caffeine Bitter

Capsicum frutescens Capsaicin Pungent

Glycyrrhiza glabra Glycyrrhizin Sweet

Quassia amara Quassin Bitter

Cinchona ledgeriana Quinine Bitter

Vanilla fragrans Vanillin Vanilla

Rubus idaeus Raspberry ketone Raspberry
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Table 3.6: Biotransformation of various substrates by suspension or immobilized cultures [ 16,
23-26]

Plant Substrate Product Odour /8]
Cannabis sativa Geraniol Geranial Lemon

Nerol Neral Lemon
Lavandula angustifo- Geranial Geraniol Floral, rose
lia Neral Nerol Rose, sea shore

Citronellal Citronellol Fresh, rosy-leafy, petal-like
Nicotiana tabacum Linalool 8-Hydroxy lina- Floral

lool

Vanilla planifolia Ferulic acid Vanillin Vanilla
Mentha canadensis,  L-Menthyl acetate L-Menthol Refreshing, cooling, pepper-
Mentha piperita mint

To date, most cultures have been unable to produce adequate yields of flavouring
substances. The accumulation of larger amounts of flavouring substances in tissue
cultures will continue to be a challenging scientific problem /20, 27].

There are two principal ways for utilization of microorganisms (yeasts, fungi, bacte-
ria) for the production of flavouring substances, i.e. fermentation (de novo biosynthe-
sis) and biotransformation (Tab. 3.7). Fermentation products are usually complex (see
3.2.2.4.). Nevertheless, there are some single flavouring substances that are produced
by fermentation, such as acetic, butyric, and propionic acids and others (Tab. 3.8). For
biotransformations by microorganisms, suitable substrates are necessary. Some exam-
ples are given in Tab. 3.9 and Fig. 3.5.

Table 3.7: Characteristics of fermentation and microbial transformation. Modified from [17]

Parameter Fermentation Biotransformation

Microorgan- Growing cells Growing, permanent, or treated cells

isms

Reaction Complex reaction chain Simple (one- or multistep) reaction

Reaction time  Long Short

Substrate Cheap carbon and nitrogen Specific (sometimes expensive)
sources

Table 3.8: Examples of de novo biosynthesis of flavouring substances by microbial fermenta-
tion [20, 28-36]

Microorganism Flavouring substance Organoleptic properties
Lactococcus species Diacetyl Buttery

Leuconostoc species

Aspergillus niger Citric acid Sour

Pseudomonas species 3-Isopropyl-2-methoxy pyrazine Green pea

Streptococcus lactis Methyl butanol Malty

Trichoderma viride 6-Pentyl-a-pyrone Coconut
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Microorganism

Flavouring substance

Organoleptic properties

Bacillus subtilis

Trametes sauvolens
Trametes sauvolens

Ceratocystis variospora,
Trametes odorata

Ceratocystis variospora
Fusarium poae
Phellinus igniarius

Lactobacillus casei,
L. diacetylactis,
Pseudomonas fragi

Ceratocystis variospora

Penicillum italicum,
Ceratocystis variospora,
Phellinus igniarius

Phellinus tremulus
Phellinus igniarius
Lasiodiploida theobromae

Mycoacia uda

Corynebacterium glutamicum

Tetramethyl pyrazine

Anise aldehyde
Benzaldehyde

Citronellol

Citronellyl acetate
y-Dodecalactone
Ethyl benzoate
Ethyl butyrate

Geranial

Linalool

Methyl benzoate
Methyl salicylate
2-Octene-d-lactone
p-Tolyl aldehyde

Nutty

Anise
Almond

Rose

Fruity, rose
Fatty, buttery
Fruity

Fruity

Rose
Floral

Fruity

Wintergreen

Almond

H
CH.(CH) - (} - CH;CH=CH-(CH,) -COOH 12-Hydroxy octadac-8-encic acid
5

CH.(CH)

CHS'(CPE){ - CHp- CH,-COOH  4-Hydroxy decanoic acid

CHg- (CHa)=—

T

CH,

o}

CH, gamma-Decalactone

-CH 2-CH=CH-(CH 2 5-COOH 10-Hydroxy hexadec-7-enoic acid

Fig. 3.5: Oxidative degradation of ricinoleic acid by Candida lipolytica [40]
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Table 3.9: Examples of biotransformation by microorganisms [20, 29, 40-67]
Product Substrate Microorganism Organoleptic prop-
erties of product /8]
Acetaldehye Ethanol Candida utilis Pungent, ethereal-
nauseating
Benzyldehyde Benzoic acid, benzyl Polyporus tuberaster, Almond
alcohol or phenyl- Pichia pastoris
alanine
y-Decalactone Ricinolic acid, oleic ~ Candida lipolytica, Peach
acid or 3-decen-4-ol- Sporobolomyces

d-Decalactone

7-Decen-4-olide

Ethyl acetate
Ethyl isovalerate

Furfuryl-mercaptane
2-Heptanone
2.4-Hexadienal

Hexanol

4-Hexen-1-ol

4-Hydroxy-2,5-dime-
thyl-3(2H)-furanone
(Furaneol®)

3-Hydroxy-2-pen-
tanone

Isobutyric acid
L-Menthol

L-Menthol (+D-men-
thyl acetate)

Methyl anthranilate

ide

Ricinolic acid, cor-
rolic acid, Massoia
lactone or 11-hy-
droxy hexadecanoic
acid

Densipolic acid

Ethanol

L-Leucine
Furfural
Caprylic acid
Sorbic acid

Hexanoic acid or
2-hexenal

Sorbic acid

Fructose-1,6-diphos-
phate

2,3-Pentandione

Isobutanol
L-Menthone

D, L-Menthyl acetate

Methyl N-methyl an-
thranilate

odorus, baker’s yeast

Candida species,
Clador-sporium sua-
volens, baker’s yeast

Sporobolomyces
odorus

Candida utilis

Geotrichum fragrans

Eubacterium limo-
sum

Penicillium roque-
forti

Colletotrichum gle-
osporoides

Colletotrichum gle-
osporoides,
baker’s yeast

Colletotrichum gle-
osporoides

Zygosaccharomyces
rouxii

Baker’s yeast

Acetobacter species

Pseudomonas putida,
Cullulomonas turbata

Penicillium species,
Rhizopus species,
Trichoderma species

Trametes versicolor

Peach, buttery

Fatty, buttery, nutty

Ethereal-fruity

Ethereal, vinous-
fruity

Herbaceous-green

Fruity-green

Caramel, roasty

Buttery, cheesy

Refreshing, cooling,
peppermint

Refreshing, cooling,
peppermint

Mosty-fruity,
Concord grapes
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Product Substrate Microorganism Organoleptic prop-
erties of product /8]
2-Methyl butyric acid 2-Methylbutanol Gluconobacter spe-
cies
6-Methylhept-5-en-2- Nerol, citral Penicillium digitatum
one
5-Octalactone Jalap resin Saccharomyces cere- Coconut
visiae
y-Octalactone Coconut oil fraction, Polyporus durus, Coconut, Tonka bean
ethyl caprylate Mucor circinelloides
a-Terpineol Limonene Pseudomonas gladioli Floral, lilac
Vanillin Eugenol Serratia species, Vanilla

Klebsiella species,
Enterobacter species

Vanillin Ferulic acid,eugenol, Corynebacterium Vanilla
isoeugenol glutamicum,
Pycnoporus cinnabar-
inus,

Serratia species,Kleb-
sella species,
Enterobacter species,
Pseudomonas spe-
cies,

Aspergillus niger

Many (if not most) biotechnologically produced flavouring substances are produced
in processes using industrially available enzymes. Enzymes are proteins with catalytic
properties (biocatalysts). Conspicuous characteristics of an enzyme are:

(a) the ability to increase reaction velocity, (b) substrate specificity (= specificity with
respect to the substances it acts upon), and (c) reaction specificity (= specificity with
respect to the type of reaction that is catalyzed). Substrate specificity is more marked
in some cases than in others. A particularly striking feature is the strong specificity
with respect to stereoisomeric compounds. In the case of substances with chiral
centres, only one enantiomer is converted. Specificity with respect to diastereomers,
particularly cis-trans-isomers, is also widespread.

Reaction specificity is the most significant and most widespread classification of
enzymes (Tab. 3.10). Another way of classifying enzymes is by their complexity (Tab.
3.11). As already pointed out, enzymes are proteins or at least consist predominantly
of a protein portion. Some enzymes need cofactors (prosthetic groups or cosubstrates;
see Tab. 3.11).
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Table 3.10: Classification of enzymes according to reaction specificity [68]

Main Class Remarks Examples
(1) Oxidoreductases Catalyze oxidation and reduc-  Peroxidase, lipoxygenase,
tion phenoloxidase
(2) Transferases Transfer chemical groups from Hexokinase
one molecule to another
(3) Hydrolases Catalyze hydrolytic cleavage  Proteinases, lipases, pectinesterase
(4) Lyases Remove groups to form double  Pectinlyase, alliinlyase
or add groups to double bonds
(5) Isomerases Catalyze isomerization and in- Glucose phosphate isomerase
terconversion within a mole-
cule
(6) Ligases Synthesize compounds

Table 3.11: Classification of enzymes according to their comlexity [68]

(1) Enzymes without cofactor

(2) Enzymes with prosthetic group (covalently bonded cofactor)
(3) Enzymes with cosubstrate (non covalently bonded cofactor)
(4) Multi-enzyme complexes

More than 10,000 enzymes occur in nature. Of these, approx. 3,000 are characterized.
Approx. 800 are commercially available, but only approx. 20 in industrial amounts
(predominantly hydrolases and oxidoreductases). They are isolated from microorgan-
isms, plants, or animals. Lipases (which belong to the class of hydrolases) and
oxidoreductases catalyze, for example, the reactions depicted in Fig. 3.6. Note that all
reactions are reversible. Examples of flavouring substances that are produced with
lipases and oxidoreductases are shown in Tab. 3.12.

) Lipase
Alcohol + acid = ester + water
. Lipase -

Hydroxyfatty acid = lactone + water
Oxidoreductase ,

Alcohol + cofactor — aldehyde + cofactor: H,
Oxidoreductase

Alcohol + cofactor = = ketone + cofactor: H,

Fig. 3.6: Reactions catalyzed by lipases and oxidoreductases [68]
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Table 3.12: Selection of flavouring substances produced with various enzymes [18, 40, 68-72]

4-Hydroxy-2,5-dimethyl-
3(2H)-furanone

Cinnamic alcohol

Geranial Geraniol

Methanethiol Methionine

Fructose-1,6-diphosphate,
lactaldehyde

Cinnamic aldehyde

Aldolase, triosephosphate
isomerase

Alcohol dehydrogenase
Alcohol dehydrogenase

Methioninase

Product Substrate(s) Enzyme Odour of product /8]
Butyric acid Butter fat Lipase Sour, rancid

Caproic acid Butter fat Lipase fatty-rancid, sweat-like
Caprylic acid Butter fat Lipase Oily-rancid, sweat-like
Capric acid Butter fat Lipase Sour-fatty, rancid

Ethyl butyrate® Ethanol, butyric acid Lipase Ethereal-fruity
y-Butyrolactone y-Hydroxy butyric acid Lipase Sweet-aromatic
Acetaldehyde Ethanol Alcohol dehydrogenase Pungent, ethereal nauseating
Benzaldehyde Benzyl alcohol Alcohol dehydrogenase Almond

Caramel, roasty

Lemon
Warm-balsamic, floral

Sulfureous

* Ethyl butyrate is only one example of the many esters that are produced with lipases.

Table 3.13: Advantages and disadvantages of using enzymes [30]

Parameter Advantage Disadvantage
Reaction medium aqueous”

Pressure atmospheric

Temperature 20-50°C

Specificity high

Product natural®

Reaction time

Stability of the enzyme
Availability of enzyme

Cost of the enzyme

Cost of enzyme co-factors

relatively long

c

low
low

high

high*

a
b
c
d

apart from a few exceptions
if original material is natural

can be increased by immobilization

can be minimized by regeneration

Advantages and disadvantages of using enzymes are summarized in Tab. 3.13. The
stability of enzymes can be increased by immobilization. Fig. 3.7 shows as an exam-
ple the formation of mustard oils through immobilized myrosinase. Mustard seeds
contain myrosinase naturally. The higher yields resulting from the use of additional,
immobilized enzyme make the process more economical. Immobilized lipase has
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been used successfully for the production of esters [69, 73, 74]. The conversion
efficiencies of various alcohols and acids to their corresponding esters are shown in
Tab. 3.14.

Freshly chopped mustard seeds

Immobilized
myrosinase
+ water

+ +
Allyl mustard oil p-Hydroxybenzyl mustard oil
(in the case of black mustard) (in the case of white mustard)

Fig. 3.7: Formation of mustard oils from mustard seeds with the aid of immobilized myrosinase
[30, 40]

Table 3.14: Ester production by immobilized lipase [74]

Ester Conversion (%)
Ethyl propionate 76
Ethyl butyrate 100
Ethyl caproate 44
Ethyl heptanoate 84
Ethyl caprylate 100
Ethyl laurate 52
Ethyl isobutyrate 72
Ethyl isovalerate 3
Isobutyl acetate 25
Isoamyl acetate 24
Isoamyl butyrate 91

In the case of enzymes that need cofactors for their catalytic activity (e.g. alcohol
dehydrogenase), the high cost of these cofactors may prevent large-scale use. At
present, efforts are being made to regenerate the cofactors by the use of a second
enzyme (Fig. 3.8).

CH4CHO NADH H,0,
K Catalase
CHZCH,0H / \?:MNHz 20

Fig. 3.8: Enzymatic oxidation of ethanol to acetaldehyde [40]. ADH = alcohol dehydrogenase,
NAD-+and FMN = cofactors, catalase = second enzyme to regenerate cofactors
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Summarizing the discussion of the production of flavouring substances by biotechno-
logical processes, the following conclusions may be drawn:

a) The biogenetic pathways of many flavouring substances are known [75-79]. This
knowledge is the prerequisite for current and future biotechnological processes.

b) The potential of plant homogenates and tissue cultures is considered to be useful,
although the yields need to be increased in most cases.

¢) Microbial transformations and fermentations are in use and appear to be more
significant in future than plant homogenates and cell cultures.

d) More than one hundred flavouring substances are already produced with the aid of
industrially available enzymes. Technologies have to be developed to use the still
unexploited potential of glycosidically bound flavouring substances with the aid of
hydrolases [17, 78].

e) Genetic engineering (which was not covered in the present discussion) has gener-
ated potentials that will be topics of future research activities.

3.2.1.1.3 Examples of Commercially Available Natural Flavouring Substances

A selection of commercially available natural flavouring substances of high purity is
given in Tab. 3.15. Note that there are approx. 100 esters.

Table 3.15: Selection of commercially available natural flavouring substances of high purity

Anisyl acetate
Anisyl alcohol

Benzaldehyde
Benzyl acetate
Benzyl alcohol
Benzyl butyrate
Benzyl propionate
Butanol

Butyl acetate
Butyl heptanoate
Butyl isovalerate
Butyl 2-methyl butyrate
Butyric acid

Capric acid
Caproic acid
Caprylic acid

Acetaldehyde Capsaicin

Acetic acid Carvacrol
Acetoin D-Carvone
Acetone L-Carvone

Allyl isothiocyanate B-Caryophyllene
Amarogentin 1,8-Cineole
Anethol Cinnamic acid
Anisaldehyde Cinnamic alcohol

Cinnamic aldehyde
Cinnamyl acetate
Cinnamyl cinnamate
Citral

Citric acid

Citronellal
Citronellol
Citronellyl acetate
Citronellyl butyrate
Citronellyl propionate

y-Decalactone

Decanal

Diacetyl

Diethyl acetal

Dihydro cinnamic alcohol
Dihydro cuminyl aldehyde
2,5-Dimethyl-3(2H)-furanone
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Dimethyl sulfide
Diosphenol

Estragol

Ethyl acetate
Ethyl anisate
Ethyl benzoate
Ethyl butyrate
Ethyl caprate
Ethyl caproate
Ethyl caprylate
Ethyl cinnamate
Ethyl heptanoate
Ethyl isobutyrate
Ethyl isovalerate
Ethyl lactate
Ethyl laurate
Ethyl 2-methyl butyrate
Ethyl myristate
Ethyl propionate
Ethyl pyruvate
Eugenol

D-Fenchone
Furfural

Geraniol

Geranyl acetate
Geranyl butyrate
Geranyl caprate
Geranyl caproate
Geranyl caprylate
Geranyl propionate
Glycyrrhizin

Heptanal

Heptanoic acid
2-Heptanone

Heptyl acetate
Hexanol

(E)-2-Hexenal
(Z)-3-Hexenol
(Z)-3-Hexenyl acetate
(Z)-3-Hexenyl butyrate
(Z)-3-Hexenyl caproate
(Z)-3-Hexenyl isovalerate
(Z)-3-Hexenyl lactate

(Z)-3-Hexenyl 2-methyl butyrate

Hexyl acetate

Hexyl butyrate

Hexyl caproate

Hexyl 2-methyl butyrate

4-Hydroxy-2,5-dimethyl-3(2H)-furanone

Isoamyl acetate
Isoamyl alcohol
Isoamyl butyrate
Isoamyl caprate
Isoamyl caproate
Isoamyl caprylate
Isoamyl isobutyrate
Isoamyl isovalerate
Isoamyl laurate
Isoamyl 2-methyl butyrate
Isoamyl propionate
Isobutanol

Isobutyl acetate
Isobutyl butyrate
Isobutyl caprate
Isobutyl caproate
Isobutyl caprylate
Isobutyl isovalerate
Isobutyl laurate
Isobutyl 2-methyl butyrate
Isobutyraldehyde
Isobutyric acid
Isopulegol
Isovaleraldehyde
Isovaleric acid

Lactic acid

Lauric acid
Limonene
Linalool

Linalyl acetate
Linalyl butyrate
Linalyl propionate

Massoia lactone

Menthol

Menthone

Menthyl acetate
Methanol

Methyl acetate

Methyl benzoate
2-Methyl butanal
2-Methyl butyl acetate
Methyl butyrate
2-Methyl butyric acid
Methyl caproate

Methyl cinnamate
Methyl heptanoate
Methyl isobutyrate
Methyl N-methyl anthranilate
Methyl 2-methyl butyrate
Methyl salicylate
Monellin
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Myrcene Propyl acetate
Propyl butyrate

Naringin Propyl caprate

Nerolidol Propyl caproate

2-Nonanone Propyl caprylate

Nootkatone Propyl isovalerate
Propyl laurate

B-Ocimene Propyl propionate

Octanal Pulegol

Octanol Pulegone

Octan-3-ol

Octyl acetate
3-Octyl acetate
Octyl butyrate

2,3-Pentanedione
o-Phellandrene
Phenyl ethanol
o-Pinene
B-Pinene
Piperine
Piperitone
Propanol
Propionic acid

Tartaric acid

4-Terpinenol

a-Terpineol

o-Terpinyl acetate
2,3,5,6-Tetramethyl pyrazine
Thaumatin

2,3,5-Trimethyl pyrazine
Thymol

2-Undecanone

Valencene
Valeraldehyde

A small number of natural flavouring substances is not recognized as natural in the
EC, although they are natural in the U.S. The reason for this is that the U.S. have a
definition of natural that is slightly different from the EC (EC definition see Tab. 3.3):
“The term natural flavour or natural flavouring means the essential oil, oleoresin,
essence or extractive, protein hydrolysate, distillate, or any product of roasting, heat-
ing or enzymolysis, which contains the flavouring constituents derived from a spice,
fruit or fruit juice, vegetable or vegetable juice, edible yeast, herb, bark, bud, root, leaf
or similar plant material, meat, seafood, poultry, eggs, dairy products, or fermentation
products thereof, whose significant function in food is flavouring rather than nutri-
tional ...” [80-82].
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3.2.1.2 Nature-Identical and Artificial Flavouring Substances

Gerhard Krammer

Since ancient times the delicious taste and aroma of foods, herbs, spices and essential
oils have been inspiring human beings in different cultures, geographical locations
and ages [/]. Over thousands of years people have developed a wealth of recipes,
techniques and technologies for food preparations, mainly driven by flavour, compris-
ing aroma, taste, texture, viscosity, temperature as well as cooling, tingling and
pungency [2]. Starting from distillation and extraction in the world of ancient Greece
and Rome the medieval era led to an extended use of herbs and spices. In the
Renaissance the studies of Lavoiser, Davy, Dalton, Priestly, Scheele and others laid
the foundation for modern chemistry /3]. Finally, in the industrial age the curiosity of
chemists revealed the chemical nature of numerous flavouring substances. The so-
called great cycle of the chemical industry - identification - laboratory synthesis —
large-scale synthesis and commercialisation - introduced important aroma chemicals
like cinnamic aldehyde, benzaldehyde, methyl salicylate, coumarin, phenyl acetalde-
hyde and vanillin between 1830 and 1890. Numerous character impact compounds
were identified in different segments of our diet such as allyl disulphide in garlic and
furfuryl mercaptan in coffee.

The development of modern gas chromatography as well as the combination with
olfactometry (GC/O) and in particular the introduction of gas chromatography with
mass spectrometry (GC/MS) at a routine level increased the productivity of the great
cycle of the flavour industry. Supported by continuously improved nuclear magnetic
resonance (NMR) techniques and specific preparative techniques, more than 15,000
chemical compounds with flavouring properties have been reported so far [4]. The
use of GC/MS instrumentation in combination with powerful computer systems ena-
bled deep insight into the world of volatile flavour compounds (see 6.2.1). Just
recently taste-active molecules as well as trigeminal active compounds have been
receiving increased attention while correcting the picture on volatile flavour com-
pounds in modern flavour chemistry [5].

The roots of modern flavour industry grew in local and regional markets in the 19"
and early 20™ century (see also chapter 1). In Germany Haarmann & Reimer was
founded in 1874. Leon and Xavier Givaudan started their company in 1896 in Swit-
zerland. Robert G. Fries and his brother George Fries began selling flavourings in the
USA around 1913. In Japan Takasago was founded in 1922. As the business grew and
the first restructuring of companies such as the conversion of Naef, Chiut et Cie. to
Firmenich et Cie. took place, government authorities started to lay the foundation for
the legislation on foodstuffs and in particular flavourings.

In Europe chemically defined substances with flavouring properties, which are ob-
tained by chemical synthesis, are defined in the European Union Flavouring Directive
88/388/EEC [6], article 1 No. 2(b) (ii) and (iii) in two categories (see 7.1 and 7.4.2):
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1. Nature-identical compounds
These flavouring substances are characterised by the fact that the flavouring
substance obtained by chemical synthesis or isolated by chemical processes
is chemically identical to a substance naturally present in material of vege-
table or animal origin.

2. Artificial compounds
These flavouring substances are defined by the criterion that the flavouring
substance is not chemically identical to a substance naturally present in
materials of vegetable or animal origin.

The legislation of some European countries comprises positive lists for artificial
flavouring substances, such as ethyl vanillin.

Since this approach is based on the scientific proof of natural occurrence, the Interna-
tional Organisation of the Flavour Industry (IOFI), Brussels (B), established the
Working Group on Analytical Methods (WGMA), which examines published data
with regard to the validity of chromatographic (e.g. GC retention time) and spectro-
scopic (e.g. mass spectra, infrared and NMR spectra) data. In this context reference
data, artefact formation and the nature of the source material (i.e. food use) are also
considered.

This approach is different from the legal regulations relating to use of flavourings in
foods, which are described in § 101.22 of Title 21 of the Code of Federal Regulations
in the USA. In the USA, the term ‘artificial flavour’ or ‘artificial flavouring’ means
any substance with flavouring properties, which is not derived from a spice, fruit or
fruit juice, vegetable or vegetable juice, edible yeast, herb, bark, bud, root, leaf or
similar plant material, meat, fish, poultry, eggs, dairy products, or fermentation prod-
ucts thereof. This definition of artificial flavourings also comprises synthetic flavour-
ing substances and adjuvants, which are listed in §§ 172.515(b) CFR as well as
synthetic flavouring substances listed in §§ 182.60 CFR. In practice, this means that
any flavouring using synthetic aroma chemicals, with and without natural occurrence,
is labelled as artificial flavour (see 7.5.2: USA).

Nature-identical and artificial flavouring substances are produced in order to evoke
specific sensorial effects. The potency of the individual compounds is usually de-
scribed by a set of parameters comprising the odour or taste threshold in the corre-
sponding matrix, i.e. water or oil phase, as well as the dynamics of perception as
determined by Steven’s law [7]. For many compounds a shift of the specific sensorial
properties is observed in different concentrations.

Important physicochemical parameters are volatility, vapour pressure and polarity,
which play an important role in the flavour release of solid and paste-like food as well
as for beverages [8]. The link between sensorial properties and the molecular struc-
ture has always been of highest interest for organic chemists in the past 150 years.
Functional groups, stereochemistry, molecular size and heteroatoms have been varied
in numerous isomers in order to understand the corresponding sensory profile and
related effects. The use of molecular references like (E,E)-2,4-decadienal for the
descriptor ‘fatty’ or (E)-2-hexenal for ‘green’ has become a standard approach to link
sensory with the flavour chemistry of flavourings and finished food products. Analyt-
ical techniques like GC/O or the use of mouth model systems [9] are following the
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same approach. The aroma value concept [10] (see 6.2.4) impressively shows that in
many foodstuffs only a few flavour compounds play an important role in the authentic
flavour profile. The ratio of the concentration of a flavour compound in food and the
retronasal odour threshold or taste threshold determine the odour activity value (OAV)
or taste activity value (TAV) (see 6.2.4). Together with omission experiments these
tools are essential for unmasking the blueprint of a flavour extract. Recently “LC
Taste®’, a new method for combining instrumental analysis and sensorial analysis,
has been developed. Based on a separation via high-temperature liquid chromatogra-
phy (HTLC) and online tasting of aroma and taste compounds in aqueous matrix,
flavour researchers and developers have the possibility for a differentiated retronasal,
taste-oriented evaluation of mixtures [//].

Industrial applications of nature-identical and artificial flavourings have to be based
on two pillars: a clear understanding of flavour-relevant molecules and at the same
time the use of technically feasible, high-purity, high-yield syntheses. In addition,
performance criteria like pH, oxidation and chemical stability as well as toxicological
safety have to be considered.

Flavour-active compounds cover an enormous dynamic range regarding perceivable
concentration, starting with extremely powerful molecules like 1-menthen-8-thiol in
the low ppt (ng/kg) range and going up to the few percent level for compounds like
acetic acid. Together with the huge variety of chemical compound classes this fact
generates additional challenges for the toxicological evaluation of flavouring sub-
stances.

In Europe, the EU Commission started to establish an inventory for flavouring sub-
stances covering chemically synthesised or chemically isolated flavouring substances
chemically identical to flavouring substances naturally present in foodstuffs or in
herbs and spices as well as vegetable and animal raw materials normally considered
as foods. In addition, chemically synthesised or chemically isolated flavouring sub-
stances from other sources and not yet found in nature are also considered. By end of
2004 the list consisted of approx. 2800 compounds as a first inventory comprising
natural, nature-identical and artificial substances, based on information received from
the flavour industry. All listed compounds are subject to a detailed safety evaluation
(see 7.4.2). In 2000, the EU Scientific Committee on Food (SCF), now recognised as
the European Food Safety Authority (EFSA) (FSA panel), accepted the evaluation
procedure of the World Health Organisation Joint Expert Committee on Food Addi-
tives (JECFA) and reviewed the list of flavouring substances already approved by
JECFA. These compounds are part of the list of evaluated flavour compounds by the
Panel of Expert Scientists (FEXPAN) of the Flavour and Extract Manufacturers’
Association (FEMA) in the USA (see 7.5.2: USA). So basically two international
expert committees are currently evaluating flavouring substances for their risks:
JECFA and EFSA. They perform the ‘risk assessment’, whilst the responsibility for
‘risk management’ lies with the Codex Committee on Food Additives and Contami-
nants (CCFAC) and the EU Commission and its administration (DG Sanco).

For the FEMA approach as well as for the evaluation of flavouring substances of the
European register, normal and maximum use levels of aroma-active compounds in
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different food applications play an important role. The EU approach comprises 16
food categories which cover a broad range of food applications, starting with category
1 (dairy products) and ending with category 16 covering composite foods. Basically,
two different methodologies exist, namely MSDI (Maximised Survey-Derived Daily
Intake) and TAMDI (Theoretical Added Maximum Daily Intake). The MSDI ap-
proach is based on the annual production of substances as stated by the producers
divided by the total consumers. The TAMDI system requires a calculation of flavour
addition to food and consumption of flavoured foodstuffs per day. For the EFSA
concept, the first evaluation is conducted based on the MSDI method following a
decision tree, which is published together with the so-called FGE statements [/2]. A
second interactive step based on a modified TAMDI method helps to identify com-
pounds with a higher use level than the calculated safety level.

Flavouring Group Evaluation

All entries of the European inventories are classified in 34 chemical groups, which
represent compounds of consistent chemical, metabolic and biological behaviour. In
the case of compounds that are easily degraded to smaller fragments, the most toxic
fragment is given higher priority in assigning the appropriate chemical group.

The wealth of powerful aroma chemicals is finally classified based on safety consid-
erations. In order to give more insight, prominent representatives are explained in
detail.

Important compounds of Group 1 are straight-chain primary aldehydes like hexanal
(Flavis # 05.008, FEMA 2557) and octanal (Flavis # 05.009, FEMA 2797) with
tallowy and fatty notes as well as widely used acids like acetic acid (Flavis # 08.002,
FEMA 2006) and the powerful butyric acid (Flavis # 08.005, FEMA 2221). In the
same group ubiquitous fruity esters like ethyl butanoate (Flavis # 09.039, FEMA
2427; annual consumption in the USA approx. 10 tons in 1991 [/3]) and the apple-
like methyl 2-methyl butyrate (Flavis # 09.483, FEMA 2719) are registered.

Chemical Group 2 comprises cocoa flavour compounds like 3-methyl butanal (Flavis
# 05.006, FEMA 2692) and the banana-like 3-methyl butyl acetate (Flavis # 09.024,
FEMA 2055).

In chemical Group 3 important terpene alcohols such as the rose-like geraniol (Flavis
#02.012, FEMA 2507) and aldehydes such as the citrus-like compound citral (Flavis
# 05.020, FEMA 2303) are found. The two isomers of citral, namely neral (Flavis #
05.170, FEMA 2303) and geranial (Flavis # 05.188, FEMA 2303) are listed in the
same group. The mixture and the two individual isomers are listed under the same
FEMA number 2303.

Group 4 lists compounds with leaf-like notes such as (Z)-3-hexen-1-ol (Flavis #
02.056, FEMA 2563) and (Z)-3-hexenal (Flavis # 05.075, FEMA 2561) as well as
esters such as citronellyl acetate (Flavis # 09.012, FEMA 2311) with rose-like, floral
profile.

A typical representative for mushroom-like notes, 1-octen-3-one (Flavis # 02.023,
FEMA 2805), is found in Group 5 together with the fatty, fruity tasting 2-undecanone
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(Flavis # 07.016, FEMA 3093) and numerous other 2-alkanones, which are responsi-
ble for characteristic cheesy notes.

Group 6 shows additional terpene alcohols like linalool (Flavis # 02.013, FEMA
3045) with flowery profile and a-terpineol (Flavis # 02.014, FEMA 3045) with sweet,
fruity aroma. In addition, numerous esters are listed like a-terpinyl acetate (Flavis #
09.065, FEMA 3047), which is characterised by a strong herbaceous odour.

In Group 7 the a- and B-isomers of santalyl acetate (Flavis # 09.034, FEMA 3007)
are mentioned. These compounds have a characteristic sandalwood-like odour and a
bitter-sweet taste. Additional compounds in this group are perilla aldehyde (Flavis #
05.117, FEMA 3557) with fatty, spicy notes and safranal (Flavis # 05.104, FEMA
3389) with a characteristic saffron-like odour and taste.

One of the most important compounds in Group 8 is menthol (Flavis # 02.015,
FEMA 2665; world usage 11,800 tons in 1998 [/4]), well known for its minty aroma
accompanied by a strong cooling effect. Furthermore, Group 8 comprises also a-
ionone (Flavis # 07.007, FEMA 2594) and B-ionone (Flavis # 07.008, FEMA 2595)
with a strong violet-like odour and carvone (Flavis # 07.012, FEMA 2249), which
occurs in two different forms. L-carvone exhibits the odour of spearmint, while &-
carvone shows a strong caraway note. Another important compound is nootkatone
(Flavis # 07.089, FEMA 3166), which also occurs in two different forms. (+)-Nootka-
tone has a highly appreciated grapefruit-like profile and (-)-nootkatone is character-
ised by a terpeny note. B-Damascenone (Flavis # 07.108, FEMA 3420), a very
powerful, honey-like, fruity, sweet compound, is also a member of this group together
with 1-menthy] lactate (Flavis # 09.551, FEMA 3748), a typical cooling compound.

In Group 9 various organic acids like lactic acid (Flavis # 08.004, FEMA 2611),
pyruvic acid (Flavis # 08.019, FEMA 2970) and succinic acid (Flavis # 08.024,
registered in Food Chemical Codex) together with various diesters are found. Beside
some diols, numerous lactones such as y-decalactone (Flavis # 10.017, FEMA 2360)
with peach-like notes and 6-decalactone (Flavis # 10.007, FEMA 2361) with a sweet
coconut-like profile are represented.

Group 10 is a fairly small group covering secondary aliphatic saturated or unsatu-
rated alcohols, ketones, ketals and esters. Important members are the typical dairy
compounds diacetyl (Flavis # 07.052, FEMA 2370) and acetoin (Flavis # 07.051,
FEMA 2370).

Group 11 is the home for mint lactone (Flavis # 10.036, FEMA 3764) and various
phthalides, which are well known from the flavour chemistry of celery.

Maltol (Flavis # 07.014, FEMA 2656) and ethyl maltol (Flavis # 07.047) are key
compounds in Group 12.

Group 13 sets the frame for the complex world of furanones. Important fruity and
caramelic representatives are Furaneol® (Flavis #13.010, FEMA 3174) and the corre-
sponding methoxy derivative mesifuran (Flavis # 13.089, FEMA 3664). In addition
the linalool oxides and angelica lactone are in this group.
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Group 14 lists among other compounds various furyl disulphides and in particular the
coffee compound furfuryl mercaptan (Flavis # 13.026, FEMA 2493).

In Group 15 phenyl acetaldehyde (Flavis # 05.030, FEMA 2874) with honey-like,
flowery notes has to be mentioned.

Group 16 contains 1,8-cineol or eucalyptol (Flavis # 03.001, FEMA 2465), a com-
pound with a characteristic camphoraceous odour and a fresh cooling taste.

Groups 17 and 18 contain among other compounds isoeugenol (Flavis # 04.004,
FEMA 2468) and eugenol (Flavis # 04.003, FEMA 2467), respectively.

Group 19 is dedicated to a few amides like N-ethyl-p-menthane-3-carboxamide
(Flavis # 16.013, FEMA 3455).

Group 20 is a nice collection of wonderful sulphur compounds. Disulphides such as
diallyl disulphide (Flavis # 12.008, FEMA 2028) with onion- and garlic-like notes are
followed by extremely powerful mercaptans like the grapefruit compound p-1-men-
thene-thiol (Flavis # 12.085, FEMA 3700). In addition, thiols with tropical sulphury
notes complete the picture of interesting molecules.

Group 21 comprises phenyl derivates like raspberry ketone (Flavis # 07.055, FEMA
2588), which is a compound with sweet, fruity, raspberry-like notes.

In Group 22 we find cinnamic aldehyde (Flavis # 05.014, FEMA 2286) and cinnamic
acid (Flavis # 08.022, FEMA 2288) as well as the corresponding esters.

Vanillin (Flavis # 05.018, FEMA 3107; world usage approx. 12,000 tons in 1990
[15]) and benzaldehyde (Flavis # 05.013, FEMA 2127; world usage approx. 13,000
tons in 1994 [16]) are major entries in Group 23.

Group 24 represents the world of pyrazines. The sensory profile of the listed com-
pounds ranges from toast to coffee and cocoa notes reminiscent of the wonderful
aroma of many culinary pleasures.

In Group 25 various phenols like thymol (Flavis # 04.006, FEMA 3066) and sali-
cylates are listed. In addition naringin (Flavis # 16.058, FEMA 2769) is also found on
the list.

Group 26 contains a series of aromatic ethers and Group 27 shows numerous
anthranilates.

Pyridine, pyrrols and quinoline derivatives are found in Group 28. Thiazole, thi-
ophenes, thiazolines and thienyl derivatives are summarised in Group 29. Among
miscellaneous compounds Group 30 lists hydrogen sulphide and ammonia. In Group
31 we find aliphatic and aromatic hydrocarbons like limonene (Flavis # 01.001,
FEMA 2633).

Group 32 shows various epoxides like B-caryophyllene epoxide (Flavis # 16.043).

In Group 33 we find amines like trimethyl amine (Flavis # 11.009, FEMA 3241) with
a prominent fishy note.

Finally, Group 34 is dedicated to a collection of amino acids which are important for
mouthfeel and taste in the world of savoury, sweet and beverage products.
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After the completion of the safety evaluation of the above mentioned flavour com-
pounds, the current register will be transferred into the European positive list of
flavouring substances, comprising natural, nature-identical and artificial molecules.
The status will not be indicated in the foreseen list. As a consequence, the currently
existing positive lists for artificial compounds on the level of country-specific legisla-
tion will then be obsolete.

The future use of nature-identical and artificial flavour compounds will be based on a
broad set of criteria: sensory properties, safety and use levels and finally performance
parameters like stability in application and flavour release.

For the synthesis of flavour-active compounds numerous methodologies have been
developed [/7]. In many cases natural products served as starting materials such as
eugenol from clove oil for the synthesis of vanillin. In case of complex stereochemis-
try natural materials are still welcome for the synthesis of valuable flavour com-
pounds such as nootkatone, which is obtained by oxidation from valencene.

Certainly economical considerations are an important starting point for the develop-
ment of a successful aroma chemical. The sensorial profile, impact and the absence of
off notes is often underestimated. It is part of the knowledge and the professional
skills of a flavourist to understand the relevance of effects like aging, isomerisation
and oxidation. Over the years numerous strategies for the synthesis of fairly simple
aroma chemicals, like straight-chain esters, and of complex structures, like the differ-
ent isomers of rose oxide (2S, 4R rose oxide and 2R, 4R rose oxide), have been
developed.

A special discipline is represented by the world of sulphur-bearing compounds. In
general all representatives of this class are very powerful chemicals, which often leads
to their being handled in smaller amounts.

The sensorial quality of sulphur-bearing aroma chemicals is an important criterion,
because of the reactivity of, for example, free thiols. For the synthesis of prominent
representatives like 8-mercapto-3-menthanone or 1-menthen-8-thiol different syn-
thetic methods have been published.

More than in the past, sensorial delights for millions of consumers will be based on
the close interaction of multiple disciplines including flavourists, chemists, toxicolo-
gists, technologists and chefs. In this context nature-identical and artificial substances
will continue to play a major role in modern flavourings.
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3.2.2 Flavouring Preparations and Some Source Materials

3.2.2.1 Fruit Juices and Fruit Juice Concentrates

Martin Simon

3.2.2.1.1 Introduction

Every fruit has its own characteristic flavour. Over the past 25 years, the industry has
learnt to identify and document fruit aroma components by means of gas chromatog-
raphy.

It was realised that the method of processing fruit juices significantly influences the
specific flavour of the fruit and consequently the quality of the juice. When producing
concentrate from a high quality fruit juice, the recovery and isolation of the aroma
during the concentration process is essential for adding it back to the juice upon
reconstitution of the concentrate.

The following factors are detrimental to the aroma as well as the colour and stability
of the juice:

— Exposure to high temperatures during pasteurisation and concentration re-
sults in deterioration of the aroma and browning of the juice.

— Oxidation of the juice by incorporation of air (change of taste).

— Bacteriological and enzymatical defects due to insufficient pasteurisation and
unhygienic processing procedures. Results are insufficient shelf-life (fermen-
tation and mould formation) or enzymatical clarification of naturally cloudy
juices (instability).

All juice processing methods have certain techniques in common. The industry con-
stantly evaluates new processing procedures and equipment in order to improve the
quality of the product.

3.2.2.1.2 Fruit

Good quality fresh fruit is most important. Only mature and healthy fruit can produce
high quality juices. The acknowledgement of this principle leads to the systematic
cultivation of the different fruit varieties (e.g. citrus fruit, apples, pineapples, passion
fruit, grapes, bananas) in large groves with detailed attention to growing and harvest-
ing conditions.

Such measures assured the success and the highly uniform quality of citrus products
from Florida, California and Brazil. It must be emphasised that especially in the
United States the cultivation of citrus fruit on an industrial scale has logically initiated
a systematic development of the necessary harvesting and processing equipment
which in turn has helped to bring the industry to today’s high technical level. This for
example led to the design and construction of the industry’s best citrus juice extractors
(BROWN (1) and FMC (2)) and a highly efficient large capacity juice evaporator, the
so-called T.A.S.T.E. evaporator (Temperature Accelerated Short Time Evaporator)
which can also be equipped with an aroma recovery system (3). This equipment is
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responsible for the high quality standard of the citrus concentrates produced today in
the USA.

Growing conditions in the groves are tightly controlled and the application of pesti-
cides to the plants is strictly regulated by legislation. The products and the entire
production facilities and procedures in the juice factories are checked according to
standardised methods and supervised by government laboratories. Research laborato-
ries are constantly working on the improvements of horticultural and processing
methods.

The application of similar fruit production and juice processing procedures also
helped the Brazilians to reach and maintain a high quality level of their citrus prod-
ucts.

There are many citrus producing countries which do not have a well controlled and
uniform agricultural fruit production. Juice produced from such fruit cannot possibly
be of a similar good quality as from the above mentioned citrus growing areas, even
if the processing equipment is the same.

3.2.2.1.3 Preparation of Fruit

The fruit delivered to the factory for processing is sampled and checked in the
laboratory to determine the degree of maturity, the content of soluble solids, the acid
content and other important data. It is then washed and graded to eliminate spoilt fruit
not suited for juice production.

3.2.2.1.4 Juice Extraction

The fruit is directed to suitable fruit extracting systems for juice recovery. In the case
of citrus juices two of the best known juice extractors were mentioned above. While
squeezing citrus fruit, undesirable peel oil can easily get into the juice. To avoid this,
some extractor systems are eliminating and collecting the peel oil before the juice is
extracted. This is achieved by rasping and pricking the peel. The resulting oil raspings
are spray washed off the peel and conveyed to a press where the oil/water mixture is
separated from the solids to recover as much oil as possible. The oil/water mixture is
separated in a two step centrifugation process producing the so-called cold pressed
oil. Only after the oil is recovered from the peel the juice is extracted from the fruit in
the extractor. This process applies to the BROWN (1) extractor system and those of
other extractor manufacturers (e.g. BERTUZZI (4), INDELICATO (5), SPECIALE

(6)).

Only the FMC extractor (see Figure 3.9-3.10) and recently, some similar machines
from FOMESA (7) and OIC (8) allow a simultaneous collection of rasped peel for oil
recovery and juice in separate streams. The juice passes from the extractor to a so-
called finisher to remove the coarse pulp particles. Then the juice can be bottled as
fresh juice or it can be used for the production of juice concentrate. If necessary, the
pulp content of the juice can be further reduced by centrifugation, using so-called de-
sludger type centrifuges (ALFA LAVAL and TETRA PAK (9), WESTFALIA SEPA-
RATOR (10), etc.).
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Fig. 3.9: The FMC Citrus Juice Extractor

Juice from fruit which is mashed for juice extraction, e.g. apples, pears, pineapples,
grapes, cherries, is produced by pressing.

The structure of the mash varies according to the fruit type. A mash with a high fiber
content is pressed more easily than mash from very soft fruit. Pineapples for example
can be pressed easily with screw presses, whereas special presses have been devel-
oped for softer fruit, like apples. For many years, the BUCHER (11) press was
commonly used for processing apples. The BUCHER HP press is a hydraulic press
working in cycles. The mash is filled into the press and under pressure the juice drains
through flexible hose-like drainage filter elements. Once the extraction is completed
the pomace is discharged and the process starts over again. Yield and quality of the
juice are excellent and the system has proven to operate reliably with many fruits [/].

Another type of press, the continuous beltpress, which was originally used for drying
sewage sludge, has been re-designed for fruit processing. Belt presses for the food
industry are available from various manufacturers (AMOS (12), BELLMER (13),
DIEMME (14), FLOTTWEG (15), KLEIN (16), etc.) [2-5]. The working principle is
to press the mash between two sieve belts which continuously pass around cylindrical
rollers. At the beginning of the pressing operation the diameter of the rollers is large
and the applied pressure is low. As the pressing operation progresses the rollers
become smaller and the pressure increases. The tension of the belt and the pressure
around the rollers can be adjusted pneumatically and the belt speed can be varied as
well. The pressed pomace is removed from the belts by means of plastic scrapers and/
or by rotating brushes and the belts are cleaned with high pressure water on the return
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1 Upper Cutter: Cuts a plug in the top of the citrus to permit the separation of the peel

from the internal portions of the fruit.

Upper / Lower Cup: Supports the exterior of the citrus throughout the squeeze cycle to
prevent bursting.

Lower Cutter: Cuts a plug in the bottom of the citrus to allow the internal portions
of the fruit access to the prefinisher tube.

Prefinisher Tube: Separates, based on particle size, the internal elements of the citrus.

Juice Manifold: Collects juice and juice sacs.

Orifice Tube: Generates pressure inside the prefinisher tube and collects and dis-
charges membrane and seeds.

2 In this early phase of the extraction cycle, the upper cup moves downward to cause pressure
on the citrus so that the top and bottom plugs begin to be cut.

3 As the extractor cycle continues, pressure increases on the citrus causing the internal
portions to be forced through the bottom of the fruit and into the prefinisher tube. The peel
is now being discharged between the upper cup and cutter.

4 Upon completion of the extraction cycle the internal portions of the citrus are located in the
prefinisher tube. At this time, the orifice tube moves upward, placing pressure on the
contents of the prefinisher tube. This causes the juice and the juice sacs, due to their small
particle size, to flow through the holes of the prefinisher tube and into the juice manifold.
Particles larger than the holes in the prefinisher tube are forced through an opening in the
orifice tube and discharged out the bottom.

Fig. 3.10: The FMC Citrus Juice Extractor Principle

to the mash feed location. The juice coming from the press could contain coarse fruit
particles which are removed by an additional simple screening device. When the
recovered juice is to be bottled as natural cloudy juice or to be converted into cloudy
concentrate it is advisable to remove the insoluble solids by centrifugation. This will
avoid formation of bottom pulp in the bottle and it will also aid the concentration
process in the evaporator.

The main advantage of this press is the short duration of the entire pressing operation
which only lasts a few minutes from mashing the fruit to dejuicing.
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The one-sieve belt press is a new development. Also here the belt passes around
several cylindrical rollers of different diameters in order to increase the pressure
during the pressing operation and to achieve a high yield.

To increase the yield and improve the pressability of the mash it is recommended to
treat the mash with enzymes. Specific enzymes, referred to as “press enzymes”, have
been developed by leading enzyme manufacturers. In order to increase the yield of
juice from the mash another specific enzyme for the so-called “mash liquification”
was developed and tested.

When producing concentrates instead of fresh juice the juice yield from the mash can
be increased by washing the pomace from the first pressing with water (e.g. 1:1) and
repeating the pressing operation to recover additional soluble juice solids. Especially
designed water extraction systems also result in yield increases (see below). The
soluble solids recovered from washing of the pomace can be added to the juice. This
procedure is not suitable for fresh juice production but only when processing concen-
trates due to the dilution with water and the lower soluble solids content in the water
extracted juice.

When processing apples, the recovery of juice solids can also be achieved by contin-
uous countercurrent extraction with water. These extraction systems were derived
from the extraction of sugar beets in the sugar industry and they work either as hot or
as cold extraction.

The extractors work well on freshly harvested, early fruit which has a firm structure.
However, as the degree of maturity of the fruit progresses and as the fruit becomes
softer, the operation becomes more and more difficult due to the softness of the mash
and the decreasing water permeability of the mash layer. Water extraction systems are
more and more replaced by the simpler fruit presses.

A similar procedure for the recovery of juice solids is applied in citrus processing.
The dejuiced pulp coming from the juice finisher is countercurrently extracted with
water in several processing steps. One extraction step consists of a mixing screw and
a finisher. In the mixing screw the pulp is mixed with the extraction liquid and in the
finisher the liquid is separated from the extracted pulp solids. The liquid is run
countercurrently to the pulp from stage to stage. The more extraction steps are built
into the process the better the recovery of soluble juice solids from the pulp and the
higher the concentration of the recovered liquid. These so-called (soluble) pulp wash
solids can be added back to the juice when processing the concentrate.

Another possibility is to produce concentrate from the recovered juice solids as such,
so-called “pulp wash concentrate”, or “OWP” (Orange Wash Pulp) or “WESO”
(Water Extracted Solids) respectively.

The pulp wash liquid from citrus fruit contains a higher amount of pectin than the
single strength juice from the juice extractors. In most cases it must be treated
enzymatically to achieve a sufficiently high concentration in the evaporator. In order
to aid the concentration it is also commonly practised to centrifuge the liquid prior to
evaporation to remove some or most of the insoluble solids from the liquid.
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The taste of these products is usually clean but flat and less aromatic than normal
juice. A result of the higher pectin content, pulp wash products usually have an
extremely good turbidity and cloud stability which makes them well suited for the
production of drinks with low juice content.

3.2.2.1.5 Juices
(1) Natural Cloudy Juices

It is common to produce natural cloudy juices and concentrates as standard products
from specific fruit varieties such as citrus, exotic fruit and also from apple, pear and
berries. Freshly squeezed juices can be bottled as such. The juice is heated (85° —
90°C) and hotfilled into clean bottles. The bottles are closed and then immediately
cooled with water as quickly as possible to avoid deterioration of the juice due to the
high temperature. The high filling temperature sterilises bottles and product.

In recent years, several new filling systems were developed in order to reduce the heat
load necessary for sterilising the juice. For this purpose bottles or soft packages are
sterilised before filling. The juice is heated in a closed system and cooled immediately
thereafter. The sterilised juice is filled into the sterilised containers at ambient temper-
ature. Glass bottles or cartons and pouches can be used as packaging (Tetra Pak (17),
SIG Combibloc (18)).

Apple juice, freshly squeezed and cloudy, sometimes is de-aromatised and then stored
after sterilisation in tanks for later filling. This requires tanks which can be safely
sterilised by steaming. The juice is sterilised in a similar way to the sterilisation for
filling into bottles. The recovered aroma is kept in cold storage and added back to the
juice prior to filling. This process is applied by factories which bottle the juice by
themselves. If they have sufficient aseptic tank storage they can save the cost for
evaporation and concentration of the apple juice. This also has the advantage that the
juice can be declared as “Not made from concentrate”.

Juices produced for industrial use, especially where transport is involved, are usually
concentrated for more economic storage and shipping.

In order to reach the desired concentration it may be necessary to treat the juices
enzymatically to avoid jellying at higher concentrations.

(2) Clarified Juices

Next to the natural cloudy juices it is also customary to produce clear juices and
concentrates, specifically from apple, pear and berries. For this purpose the juice must
be clarified which can be achieved by the following three different processing meth-
ods:

(1) Enzymatic treatment and clarification with gelatine, silica sol and bentonite
and subsequent filtration.

(2) Enzymatic treatment and ultrafiltration.

(3) Enzymatic treatment and clarification by flotation and filtration.

For better aroma it is recommended to recover the aroma prior to the clarification
process of the juice and to add it back to the concentrate or later during reconstitution.
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In order to produce clear juice the cloudy product is treated with pectolytic enzymes
to degrade the pectic substances which are responsible for the cloud stability of the
cloudy juice. The treatment time depends on the activity of the enzymes and the
temperature respectively. Several years ago the industry had no enzymes which were
able to work in very acid juice environments (e.g. lemon juice). However, in the
meantime new types were developed which are capable of treating acid juices satis-
factorily. Some fruit juices contain substances which cannot be removed with pecto-
Iytic enzymes and which require other specific enzymatic products to eliminate tur-
bidity, e.g. starch in apple juice requires a suitable amylase.

After the enzymatic treatment the juice can be clarified. Flocculation aids and fining
aids (gelatine, silica sol, etc.) help to coagulate the cloudy substances and facilitate
their separation by settling and filtration. Bentonites can be used to eliminate proteins
and other cloudy substances. Filtration (Kieselgur precoat filtration with plate and
frame filters, rotating vacuum filters, and sheet filters as “police filters”) is used to
produce a crystal clear juice.

A new process uses ultrafiltration to clarify fruit juices (see below). The advantage of
this method is that flocculation and fining aids are no longer necessary which results
in cost savings. To optimise the throughput it is however recommended to treat the
juice enzymatically in order to reduce its viscosity. Properly applied, this process can
work very economically.

Several years ago a flotation process for clarification of fruit juices was developed in
Canada [6,6a]. The juice is enzymatically treated, bentonite is added and the mixture
is impregnated with an inert gas (nitrogen, carbon dioxide). Then the liquid is pumped
into an especially designed flotation tank in which the solids float to the top from
where they can be skimmed off in concentrated form. The liquid is polished by
filtration. This process was also tested in Europe.

3.2.2.1.6 Concentrates

Juices which are not packed immediately or which are traded as half products are
concentrated. Usually juices are made to the following concentrations:

— Orange and Mandarin 65°-66.5° Brix

— Grapefruit 58°-60° Brix

— Lemon to an acid content of 400-500 grams per litre (gpl) corresponding to
about 45°-55° Brix.

— Special Citrus concentrates (pulp wash, etc.) 50°-65° Brix. The above men-
tioned concentrates must be stored deep frozen.

— Apple and Pear 70°-72° Brix. These products can be stored at room temper-
ature, although it is recommended to keep the products at a temperature of
approximately 5°C to avoid a temperature related colour change.

— Berries 50°-70° Brix. Storage depends on the degree of concentration and on
the demands on quality.

— Pineapple 60° Brix. Storage deep frozen.

— Passion Fruit 30°-50° Brix. Passion Fruit is traded also in unconcentrated
form at app. 15° Brix. Storage deep frozen.
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— Mango 28°-30° Brix. Also traded in unconcentrated form at app. 12°-15°
Brix. Storage deep frozen.

— Banana 28°-32° Brix. Also available as unconcentrated puree. Storage deep
frozen.

All concentrates can be also filled aseptically. For this purpose special aseptic filling
systems have been developed suitable for filling the product into retail packages as
well as into 55 U.S. gallon drums or even larger containers. The advantage of this
filling method is that the product can be shipped and stored at normal temperature,
although also here storage temperatures of 0°C-5°C are recommended in order to
maintain the quality of the product.

Concentrate Production

On an industrial scale, today juice concentrates are virtually only produced by evapo-
ration. There are some new developments which are technically highly interesting but
of which only a few commercial installations are in operation (see below). Cloudy
juices should be depulped before evaporation. This can be achieved by centrifugation
using automatically de-sludging centrifuges.

Multi-stage vacuum evaporators are preferably applied for juice concentration. In
specific cases, e.g. purees and very sensitive products such as passion fruit, single-
stage thin film evaporators offer an advantage. In the citrus industry the most widely
used evaporator is the T.A.S. T.E. evaporator (3). It is built under licence in various
countries. This is a multi-stage tubular evaporator designed to work with very high
product velocities which reduce the retention time of the product in the high temper-
ature zones in the evaporator to a minimum. An important difference to a normal
falling film evaporator is the distribution of the liquid in the heads of the tube nests of
the individual evaporation stages. The falling film evaporator uses mechanical devices
to distribute the liquid into the tubes. In case of plugging or not working properly, this
can result in an unequal distribution to the tubes and local overheating of the product.
The T.A.S.T.E. evaporator does not work with mechanical devices but uses the princi-
ple of “Descending Turbulent Mist”. This is caused by thermally expanding the
product by flashing it into the top of the stage converting the product into a mixture
of vapour and small liquid particles which are equally distributed into the tubes at
very high velocities. Inside the tubes the product is heated and additional evaporation
is increasing volume and velocity thus it is thermally accelerated to almost sonic
velocities. This creates high heat transmission rates and extremely short retention
times at high temperatures which diminishes the possibility of product burn-on and
damage. This evaporator is manufactured in sizes from 500 kg water evaporation per
hour to approx. 90,000 kg water evaporation per hour. It has been successfully used in
the citrus industry but also for the concentration of other fruit juices (pineapple, apple,
grape, etc.).

Besides the T.A.S.T.E. evaporator also regular falling film evaporators are used suc-
cessfully (GEA-WIEGAND (19), UNIPEKTIN (20), etc.).

Another evaporator type is the plate evaporator (APV (21), GEA-TUCHENHAGEN
(22), SCHMIDT (23)). The advantage of plate evaporators is that the plate sections
can be opened for cleaning and inspection. The number of plates can also be adjusted
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depending on the application. This equipment is used for small to medium capacities
(up to 20,000 kg water evaporation/hour) and it can also handle liquids with higher
viscosities (tomato puree, mango puree, etc.) [11-12].

All the above mentioned evaporators can be equipped with aroma recovery units
which for better heat balance can be integrated directly into the evaporator stages.
Apple juice evaporators are designed in such a way that the de-aromatised juice can
be taken out of the evaporator with approx. 50°C for clarification. The clarified juice
is fed back to the next evaporator stage at the same temperature. The evaporation
process is not interrupted and the evaporator can operate smoothly and uniformly.

The Centritherm-Evaporator (27) is very popular for the concentration of passion fruit
juice. This is a one-stage rotary thin film evaporator which can be fitted with or
without aroma recovery. Originally developed by Alfa Laval for concentrating sensi-
tive products in the pharmaceutical industry, this machine is now sold and serviced by
FLAVOURTECH Pty. Ltd (27). For the very efficient recovery of the aroma FLA-
VOURTECH can also offer a so-called “Spinning Cone Column” which has been
successfully applied for the recovery of difficult-to-recover aromas such as coffee
aroma.

The concentrate is usually filled into drums for trading. Large citrus factories store
their concentrates in deep-frozen tanks and ship it in tank ships or tank trucks. The
recovered aroma is stored refrigerated and sold separately. The customer can add it
back to his product before bottling.

3.2.2.1.7 Aroma Recovery

While producing juices and concentrates it is recommended to recover the aroma of
the juice separately in order to add it back at a later time. For this purpose aroma
recovery units have been developed which are constantly improved [7-12]. Basically
there are two different methods:

(1) Recovery in especially developed separate aroma recovery units.
(2) Recovery by units integrated into the evaporator.

The working principle of the two types is similar. However, the integrated unit works
more efficiently due to a better energy utilisation .

The principle of aroma recovery is to evaporate part of the juice and collect the
vapours to recover the aroma. Depending on the type of fruit, 10-40% of the first
vapours extracted at the beginning contain the highest amount of aroma and thus are
suitable for aroma recovery. The vapour/aroma mixture is separated in a distillation
column. The aroma is then concentrated in a rectification column. Usually the degree
of concentration is 100-200 fold. To protect the aroma and to keep the temperature as
low as possible, such plants are operated under vacuum. Most of the aroma is con-
densed in the rectification column. However, the gases which are stripped off the
rectification column by the vacuum pump still contain highly volatile aroma compo-
nents which can only be condensed at very low temperatures. For this reason the gases
from the rectification column are cooled in a gas deep-freezer (cooling trap) and the
highly volatile aroma components are condensed and separated. They can then be
added back to the condensed aroma from the rectification column.



176 Raw Materials for Flavourings

The recovered and concentrated aroma must be stored refrigerated if it is stored for
any period of time prior to adding it back to the juice for bottling.

The fruit juice aroma is an aqueous liquid with a characteristic individual flavour and
a chemical composition, depending on the type and the maturity of the fruit. The
quality is judged by gas chromatography and sensorial tests.

The aroma of citrus fruit is a speciality. It consists of the so-called water phase and the
oil phase. Citrus juices contain small amounts of volatile oils (0.03-0.06%). During
processing there is always a small amount of peel oil that gets into the juice. Also the
juice contains a small amount of oil, called juice oil. During evaporation these oils get
into the aroma where they create the so-called oil phase. This oil has a very special
aroma and is different from the peel oil by analysis (gas chromatography) as well as
flavour. Oil and water phase are kept separately and added back to the juice according
to individual requirements. Properly applied, the oil phase imparts the special fresh
note to the juice which cannot be achieved by adding the water phase only.

The de-aromatised juice is either stored in sterilised condition (e.g. apple and pear
juice) or concentrated.

3.2.2.1.8 Important Developments in the Past Years

New developments to improve quality and aroma of juice products deserve mention-
ing. Such developments must not necessarily consist of new working principles but
they can also be improvements of traditional processes with newly designed and
improved equipment. It usually takes a certain time before new approaches are ac-
cepted by industry and market. New approaches can be more expensive and new
products need to be introduced into the market and accepted by the consumers.

(1) Freshly Squeezed Juice

Several years ago a development started in the United States which has also encoun-
tered more and more interest in Europe: The production and sale of freshly squeezed
juice. The idea is to produce a juice with as little heat treatment as possible. These
juices can be divided into two product categories:

— Freshly squeezed juice for immediate consumption with no heat treatment at
all. The juice is extracted in small extractors in the presence of the customer
in super markets, restaurants or road stands and it is consumed immediately.

— Freshly squeezed juice, produced industrially under conditions as sanitary as
possible. The juice, if necessary, can be slightly pasteurised and filled into
sterile packaging. It is stored and delivered refrigerated to super markets,
restaurants and canteens for sale to the consumer.

In order to achieve the longest shelf life possible, all equipment and packaging which
has contact with the product must be absolutely clean in order to reduce bacterial
growth to a minimum. The shelf-life of the juice can be increased by pasteurisation at
low temperatures which reduces the microbiological count, but does not necessarily
produce a sterile product. The flavour of the juice should not be influenced in any way
by this treatment.
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Filled into sterilised containers (glass bottles, cartons, etc.) and stored at temperatures
of 0°C to 2°C, the juice has a shelf-life of approximately 3 weeks. In Florida fresh
citrus juices achieve a shelf-life of 6 weeks due to special packaging and absolutely
clean processing conditions.

Also in Europe freshly squeezed juices are becoming more and more popular. These
can be juices from local fruit varieties, but also from vegetables, citrus fruit and other
tropical fruit.

For the production of freshly squeezed citrus juices on a commercial basis FMC
(Food Machinery Corporation) (2) has developed an improved extractor, the so-called
“Low Oil Extractor”, which releases as little peel oil as possible into the juice. With
this extractor type an oil content of the juice of below 0.03-0.035% is achieved. Juices
containing higher oil levels taste unbalanced and harsh.

De-sludger type centrifugal separators with an internal disc configuration, as used in
dairy cream separators (WESTFALIA SEPARATOR (10)), are used to eliminate as
much oil as possible from the juice. The newest developments show that oil contents
below 0.03% can be reached.

The sale of fresh juice with a short shelf-life requires a well supervised production
and distribution system.

(2) Freeze Concentration

This process was already used by the Florida citrus industry in the 50’s. The freshly
squeezed citrus juice was deep frozen and the ice crystals were separated from the
juice.

At that time aroma recovery units were still unknown. Juices manufactured from
concentrate were “flavoured” by adding a small amount of selected peel oil and so-
called “cut-back juice”. This step could take place at the concentrate stage, but also
upon reconstitution of the concentrate to juice strength. “Cut-back juices” were se-
lected juices with excellent aroma which were stored frozen until needed. The freeze
concentration process offered the possibility to concentrate “cut-back juices” without
loss of or damage to their aroma. This method helped to reduce the storage volume. It
also showed an advantage when aromatising concentrates with “cut-back-concen-
trate” rather than with “cut-back-juice” as the concentration (°Brix) of the final
aromatised product is higher.

Large deep-freezing crystallisation units were employed at that time to separate the
water from the juice by transforming the water into ice crystals. The next step was to
separate the ice crystals from the juice by pusher centrifuges. To reach a high degree
of concentration, multi-stage processing steps were necessary. This process was rather
costly since it required large amounts of energy for the freezing process. Also, a
certain amount of juice substance was lost and could not be recovered from the ice
crystals. This was partly due to the difficulties in properly controlling the growth of
the ice crystals. After the development of aroma recovery systems for the T.A.S.T.E.
evaporator freeze concentration was abandoned.
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Apart from Florida, also one Spanish citrus factory produced freeze concentrated
juice which was then sold as a premium product.

Recently the freeze concentration process gained new importance when the freeze
concentration of GRENCO AG (24) [14] was introduced. Large ice crystals can be
formed by use of specially designed crystallisation vessels and these crystals can be
separated much more easily from the juice and the loss of juice is reduced as well. In
addition, the carefully designed process works thermodynamically with the least
amount of refrigeration cost. This process is not only applied to juices but also to
other products like coffee, beer and wine. The aroma of the concentrated products is
practically undamaged and of high quality. Undoubtedly the GRENCO process is an
important step towards producing concentrates from fruit juices whilst maintaining
the natural and undamaged aroma.

When applying such special processes as to obtain high quality aroma or juice
concentrates it makes little sense to subsequently pasteurise or hotfill the reconstituted
juice. The heat treatment would damage the aroma and negate the advantage of the
previously applied special process. These high quality concentrates are ideally suited
for unpreserved, deep frozen juice concentrates which are reconstituted by the final
consumer in the home. In the USA similar products are sold in small 6 ounce cans.
For many years such concentrates have been produced in T.A.S.T.E. evaporators, re-
aromatised and filled straight into retail cans.

This type of product has not yet reached a break through in Europe. However, one
hopes that the above described new technology may help to successfully introduce
even better aromatised frozen juice concentrates into the European retail markets.
After all, they belong to the highest quality of industrially processed juices.

It remains to be mentioned that the same aromatised concentrates are also used for
reconstitution and sale in dispensers. These machines keep the concentrate refriger-
ated, they reconstitute it with water to juice strength and they dispense the ready-to-
drink juice into cups for immediate consumption. A large Floridian citrus factory
(LYKES PASCO, Inc. (25)) used to distribute a great part of their citrus juice produc-
tion world-wide in this way (Vitality-Dispenser).

(3) Membrane Processes

Membrane processes were first used in the fruit juice industry in the middle of the
1970’s. Since that time the equipment has been constantly improved and today it has
its firm place in fruit juice technology.

Membrane processes are used to filter liquids. Instead of conventional filter materials
(e.g. filter cloth, filter candles,) microporous membranes are employed with molecu-
lar size pores. First the industry had to learn how to manufacture membranes with
controlled pore sizes. To optimise the filtration capacities specific filter structures had
to be designed in which the liquid followed well defined flow patterns on one side of
the membrane. Many different systems were developed for the varied applications, all
having their advantages and also disadvantages, i.e. plate modules, tubular modules,
spiral wound membranes, etc. Research and development in this field is far from
being exhausted. Today membrane systems are available which are sufficiently resist-
ant to chemical, mechanical and thermal stress. They are produced from plastic
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materials (polysulphone, polyamid, etc.) as well as from ceramic materials. The pore
size of the membrane can be adjusted depending on the application. Ultrafiltration and
microfiltration are used for the clarification of fruit juices.

For this application the pore size of the membrane has to be such that the small
molecules in the juice e.g. fruit sugars can pass through the membrane (permeate),
while large molecules e.g. pectins and cellulose particles are retained (retentate).

In microfiltration (MF) pore sizes are in the range of 0.1 to 12 um. Viruses, bacteria,
colloidal and cloudifying substances with a molecular size of over 1,000,000 MW
(molecular weight) are retained.

In ultrafiltration (UF) pore sizes are in the range of 0.001 to 0.1 um and the cut-off
value is 500-500,000 MW. Macromolecules like proteins, enzymes as well as col-
loids, cloudifying substances, bacteria and viruses are retained.

Since pores are very small the permeate flow, based on the membrane surface area, is
relatively small. The flow depends on the pressure applied to the liquid on the
membrane surface. The higher the pressure the higher the flow. On the other hand, the
membrane surfaces easily plug with slimy substances which decrease the flow until it
is so low that the membranes must be periodically cleaned (fouling). The fouling also
depends on the pressure on the membranes. To avoid fouling the liquid to be filtered
is pumped with high velocity parallel to the membrane surfaces in order to flush
fouling substances away from the membrane surface (tangential filtration). Depend-
ing on the product, pressure and velocity have to be adjusted for optimal filtration
results.

The capacity can be increased further by reducing the viscosity of the liquid to be
filtered. This can be achieved by treating fruit juices enzymatically and also by
increasing the filtration temperature. The ideal temperature is determined by the
temperature resistance of the membrane material and on the other hand by the fact
that it must not impair the quality of the product.

Microfiltration and ultrafiltration membranes allow flow capacities of 150 to 500
liters/m* per hour when operating on water. This is expressed as “water flux” for each
membrane type. Naturally the flow capacity for juices is lower. After cleaning of a
membrane the water flux should reach its original capacity and it serves as an indica-
tion whether the membrane was properly cleaned. It is also an indication for when a
membrane needs replacement once it plugs over longer periods.

Ultrafiltration and microfiltration are employed successfully on an industrial scale for
the clarification of juices (e.g. apple juice, pear juice, etc.). Ultrafiltration saves filter
aids and fining aids which have to be used when operating conventionally with
rotating vacuum filters or plate filters and precoat filters. On the other hand, the power
consumption of an ultrafiltration system is high and so is the replacement cost of
membranes.

Ultrafiltration has also been used for the production of citrus juices with a natural
unprocessed taste (BERTUZZI) (4) [15]. The fresh juice is split by ultrafiltration into
a clarified and a cloudy part. The cloudy retentate contains the pulp, other cloudy
substances and microorganisms. This retentate is pasteurised at 85°C — 98°C and,
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after elimination of the microorganisms, is added back to the clarified permeate which
practically does not contain any microorganisms but which contains the natural
aroma. The product so treated is packed into sterile packaging and it results in a
naturally tasting juice with excellent shelf-life.

In Reverse Osmosis (RO) pore sizes are even smaller than in ultrafiltration. They are
in the range of 0.0001 to 0.001 um and the cut-off value is below 500 MW. The
membrane separates not only all substances mentioned under ultrafiltration but also
micro-molecules like salts. Practically only pure water is passing through the mem-
brane. In order to achieve economical capacities, high pressure must be applied to the
membrane (10 to 80 bar). To prevent fouling and to achieve long operating times
between cleaning it is advisable to first clarify the liquid by ultrafiltration before
feeding it to the reverse osmosis operation.

This process is used industrially to desalinate sea water for the production of potable
water. However, it can also be used for fruit juice concentration. The achievable
concentration depends very much on the viscosity of the concentrate. If the viscosity
is too high the process is not economical. Since this process is rather expensive due to
the high cost equipment it can only be employed for speciality products. In the future
new membrane types with larger flow capacities could improve the economy of the
RO process.

The water flux of RO membranes is in the range of 40 to 130 liters/m” per hour.

SEPARA SYSTEMS LP, Santa Clara, Ca. USA (26) [16] went one step further with
their “FreshNote”am process. First they produced permeate by ultrafiltration from
selected juice. The permeate is concentrated by reverse osmosis and then added back
to the pasteurised retentate. In this way a concentrate of 42°-51° Brix with natural
taste was obtained. The taste of this product was superior compared to the taste of
concentrates produced by evaporation.

As previously mentioned, the development of new membranes and further improve-
ments in this field is not yet exhausted. It will be interesting to see further develop-
ments of these processes since quite a number of companies are engaged in this
technology.

In this regard, a study in the USA is of interest which investigates the loss of the
aroma of apple juice when using various filtration methods for clarification (M.F.
Sancho u. M.A. Rao, Department of Food Science and Technology, New York State
Agricultural Experiment Station, Cornell University Geneva, New York) [/7].

(4) New Juice Extraction Process by Means of Decanter Centrifuges

For many years the leading centrifuge manufacturers have tried to use decanter
centrifuges for the extraction of juice from ground fruit mash. Decanting centrifuges
are equipped with a long rotating bowl which is conical on one side. Inside the bowl
there is a conveyor screw which is turning at a slightly different speed than the bowl.
The solid containing liquid is pumped into the rotating bowl where, due to their higher
specific gravity, the solids are separated by centrifugal force. The solids travel to the
largest diameter in the centrifuge bowl, the bowl wall, where they settle and form a
sludge layer. The clarified liquid flows to a pump chamber which is located on the
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cylindrical side of the bowl with the largest diameter. A built-in centripetal pump (also
called paring disk) is conveying the liquid out of the pump chamber and the centrifuge
bowl. The sludge layer is conveyed by the conveyor screw (also called scroll) to the
conical side of the bowl, moved up the cone and out of the liquid and finally dis-
charged from the bowl through openings at the end of the cone. The amount of sludge
which is discharged depends on the differential speed between bowl and conveyor
SCrew.

These machines work quite well when the solids consist of relatively large particles
which due to a firm structure convey easily. When, however, the solids are soft and
easily destructible as this can be the case with fruit mash (e.g. apple mash), difficulties
arise. Partly the solids can already be disintegrated when entering the bowl and being
accelerated to bowl speed (homogenisation). The smaller soft particles are more
difficult to separate due to their smaller size. They also do not concentrate properly to
form a compact sludge. If the differential speed between conveyor screw and bowl is
not correctly adjusted to the amount of solids to be conveyed the soft sludge layer on
the bowl wall is further homogenised and eventually mixed with the surrounding
liquid. Subsequently the solids are leaving the centrifuge bowl in a rather wet, uncon-
centrated stage with a juice content which is too high. It is therefore of great impor-
tance to adjust the speed of the screw conveyor accurately to the amount of solids,
which so far was practically impossible with conventional machines also because the
amount of solids in the feed liquid is changing constantly. To account for these
fluctuations the conveyor screw speed was usually adjusted faster than needed for the
amount of sludge coming into the machine to make sure the solids were not piling up
inside the bowl, thus eventually filling up the entire bowl volume. However such an
adjustment is not suitable for producing a well concentrated sludge, specifically when
the solids are soft.

clarified
liquid
conveyor discharge

li
scrol 4} ‘

sludge
discharge

Fig. 3.12: Westfalia decanter with torque control system
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A new 2-gear-drive was developed which accurately controls the differential speed
between bowl and conveyor screw by precise electronic torque control. This new drive
instantly accounts for fluctuations in the feed liquid and adjusts the differential speed
between bowl and conveyor screw for optimal sludge concentration. This new control
device also improves the overall performance of the decanter (WESTFALIA SEPA-
RATOR (10)), [2, 18-19].

As aresult of this latest development it is now possible to use decanter centrifuges for
the extraction of fruit juices with excellent results (apple, grape, etc.). One specific
advantage is the short time needed between crushing of the fruit and juice recovery.
Another advantage is the possibility to run the entire process with a minimum expo-
sure to air in a closed system and if needed under a nitrogen blanket to positively
avoid oxidation. This has been successfully used to produce very lightly coloured and
bright cloudy apple juice concentrates and fruit juices with excellent colour and
aroma.

(5) Treatment of Fruit Juices with Adsorber Resins

Adsorber resin treatment can remove certain undesired substances from juices and
can be used to improve colour and taste.

Styrene-divinylbenzene cross-linked copolymer resins constitute one sort of resin
with good adsorbing ability; phenolic resins have also been tested. Other types with
improved qualities may be developed.

The type of resin has to be specifically determined for the desired application. These
adsorber resins must not mistakenly be compared with ion exchange resins. Adsorber
resins only adsorb certain molecules but otherwise do not have ion exchange proper-
ties. The working principle is similar to that of active charcoal.

Early (not quite mature) citrus juices, lemon, Hamlin and Navel juices can develop the
so-called limonin-bitterness. Additionally, there can also be a flavonoid-induced bit-
terness, like naringin in grapefruit juice. Adsorber resin treatment can successfully
eliminate this bitterness below the detectable limit. See also [20].

Apart from taste, also the colour of juices can be improved. This is commercially
done with apple juice to obtain a very bright, almost colourless juice which is needed
for specific applications and markets.

Adsorber systems are available from BUCHER (11) and UNIPECTIN (20).

Before adsorber installations are planned, it is recommended to check if the food law
of the country in which this is to be realised allows their operation.
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Addresses

(I) BROWN Extractor:
Automatic Machinery Corp.
633, North Barranca Avenue
Covina, California 91723-1297
U.S.A.
Phone: +1 626 966 8361
Fax: +1 626 332 7921
Email: info@brown-intl.com

(2) FMC Extractor:
FCM Technologies, Inc.
FMC FoodTech - Citrus Systems
400 Fairway Avenue
Lakeland, Florida 33801
U.S.A.
Phone: +1 863 683 5411
Fax: +1 863 680 3672
Email: citrus.info@fmcti.com
Website: www.fmcfoodtech.com

(3) T.A.S.T.E. Evaporator:
Cook Machinery
P.O. Box 1073
Dunedin, Florida 34697
U.S.A.
Phone: +1 727 796 1367
Fax: +1 727 791 1750
and

FMC Technologies, Italia SpA

Via Mantova 63A

Box 333

1-43100 Parma

Italy

Phone: +39 (0)521 908411

Fax: +39 (0)521 487960

Email: sales.parma@intl.fmcti.com

(4) Alberto Bertuzzi S.p.A.
Via Europa, 11
20047 Brugherio (MI)
Italy
Phone: +39 (0)39 28921
Fax: +39 (0)39 883205
Website: www.bertuzzi.it
(5) Fratelli Indelicato S.r.1.
Via Messina, 86
P.O. Box 57
1-95014 Giarre (Catania)
Italy
Phone: +39 (0)95 932263 - 938266
Fax: +39 (0)95 937864
Email: indelicato @omnia.it

(6) Speciale Francesco

de Speciale Sebastiana & C. snc
Via Torrisi, 18

95104 Giarre (CT)

Italy

Phone: +39 (0)95 931124

Fax: +39 (0)95 930279
Website: www.speciale.it

(7) Fomesa

Food Machinery Espafiola, S.A.
Avda. Jes6s Morante Borr«s, 24
46012 Valencia

Spain

Phone: +34 96.3.16.54.00

Fax: +34 96.3.67.79.66
Website: www.fomesa.com

(8) OIC Centenario Ltda.

Av. Major Jos-Levy Sobrinho, 1946
13486-190 Limeira, SP

Brazil

Phone: +55 19 3451.6710

Fax: +55 19 3451.6760

Email: oic@oiccentenario.com.br
Website: www.oicentenario.com.br

(9) Alfa Laval Corporate AB

Rudeboksvaegen 1

SE - 22655 Lund

Sweden

Phone: +46 46 36 65 00
Fax: +46 46 32 35 79
Email: info@alfalaval.com
Website: www.alfalaval.com
and

Tetra Pak Dairy & Beverage Systems
AB

Bryggaregatan 23

S-221 00 Lund

Sweden

Phone: +46 46 36 10 00
Fax: +46 46 36 54 80

(10) GEA Westfalia Separator

Westfalia Separator Food Tec GmbH
Werner-Habig-Str. 1

59302 Oelde

Germany

Phone: +49 (0)2522 770

Fax: +49 (0)2522 772089

Email: foodtec @gea-westfalia.de
Website: www.westfalia-separator-
food-tec.com
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(11) Bucher-Guyer AG
Foodtech
CH-8166 Niederweningen
Switzerland
Phone: +41 (0)1 857 22 11
Fax: +41(0)1 857 23 41
Email: foodtech@bucherguyer.ch
Website: www.bucherfoodtech.com

(12) Amos GmbH"
Anlagentechnik
Helmuth-Hirth-Str. 8
74081 Heilbronn
Germany

(13) Gebr. Bellmer GmbH
Maschinenfabrik
Hauptstr. 37 - 43
75223 Niefern
Germany
Phone: +49 (0)7233-740
Fax: +49 (0)7233-74215
Email: info@bellmer.de
Website: www.bellmer.de

(14) Diemme S.p.A.

Via Bedazzo, 19
Zona Industriale
48022 Lugo (RA)
Italy

Phone: +039 (0)545 20611 (10 lines)

Fax: +39 (0)545 30358

(15) Flottweg GmbH & Co.KGaA
Industriestr. 6-8
84137 Vilsbiburg
Germany
Phone: +49 (0)8741 301-0
Fax: +49 (0)8741 301-300
Email: mail@Flottweg.com
Website: www.flottweg.com

(16) Alb. Klein GmbH & Co. KG™
57572 Niederfischbach/Sieg
Germany

(17) Tetra Pak GmbH & Co.
Frankfurter Str. 79-81
65239 Hochheim/Main
Germany
Phone: +49 (0)6146 590
Email: tphinfo@tetrapak.com
Website: www.tetrapak.de

(18) SIG Combiblock GmbH

Rurstr. 58

52441 Linnich

Germany

Phone: +49 (0)2462 790

Email: info@sig.biz

Website: www.sigcombibloc.com
(19) Gea-Wiegand

Einsteinstr. 9-15

76275 Ettlingen

Germany

Phone: +49 (0)7243 705 0

Fax: +49 (0)7243 705 330

Email: info@gea-wiegand .de

Website: www.gea-wiegand.de
(20) Unipektin AG

Claridenstrasse 25

CH-8022 Ziirich

Switzerland

Phone: +41.1.206 54 44

Fax: +41.1.206 5455

Email: mail@unipectin.ch

Website: www.unipectin.com
(21) APV

23 Gatwick Road

Crawley, West Sussex RH10 9JB

Great Britain

Phone: +44 1293 527777

Fax: +44 1293 552640

Email: cbs.apvuk@invensys.com

Website: www.apv.invensys.com
(22) Gea-Process Engineering Division

Tuchenhagen Dairy Systems GmbH

Voss-Str. 11/ 13

31157 Sarstedt

Germany

Phone: +49-(0)5066 990-0

Fax: +49-(0)5066 990-160

Website: www.tuchenhagen.de

(23) API Schmidt-Bretten GmbH & Co. KG
Langenmorgen 4
75015 Bretten
Germany
Phone: +49 (0)7252 53-0
Fax: +49 (0)7252 53-200
Email: info@apischmidt-bretten.de
Website: www.apischmidt-bretten.de

* This firm is no longer in operation
** This firm is no longer in operation
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(24) Grenco AG was taken over by: (26) Separa Systems LP™

Niro Process Technology B.V. 317, Brokaw Road, Suite A

P.O. Box 253 Santa Clara, California 95050

5201 AG “s-Hertogenbosch U.S.A.

The Netherlands (27) Flavourtech Pty. Ltd.

Phone: +31 73 6390 390 Phone: +61-2-9418 4022 (Australia)

Fax: +31 73 6312 349 +44-118-935 7309 (UK)

Email: sales @niro-pt.nl +1-707-577-7810 (USA)

Website: www.niro-pt.nl Email: sales@flavourtech.com.au
(25) Lykes Pasco, Inc.” Website: www.flavourtech.com.au

100, North Highway 301
Dade City, Florida 34297
US.A.
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3.2.2.2 Citrus Oils

Herta Ziegler
Wolfgang Feger

3.2.2.2.1 Introduction

Citrus fruits play an important role in modern nutrition. Their pleasant, refreshing
taste is always associated with their nutritional value and healthy image. Citrus
products constitute an important source of vitamins and bioflavonoids, while offering
a fresh, fruity taste.

This accounts for the development of citrus products into a major industrial factor
within the last century. The main growing areas are situated in North and South
America, southern Europe and northern Africa [7].

Apart from the fresh fruit market, the production of juice, and thus also of citrus by-
products, constitutes an important branch of the citrus industry.

Essence Oil

2%
Aqueous

Essence
28%

Peel Oil
70%

Fig. 3.13: Mass balance of orange oil products

The production and concentration of juice lead to downstream products such as peel
o0il, essence oil and aqueous essence (see 3.2.2.1). All three products constitute
important raw materials for the flavour industry. The relationship between the three
products - depicted in Fig. 3.13 for the example of orange - shows that peel oil
constitutes the major product. It is commercially available as ‘cold pressed oil’, as it
is the result of a cold pressing process which is applied during juice production. The
cold pressed peel oil corresponds to the oil content of the oil glands in the citrus
fruit’s peel (see Fig. 3.14). This type of oil is available for all citrus varieties.

The juice oils that are collected during the concentration of fruit juice have generated
increasing interest as a valuable source of raw material. These essence oils, also
called recovery oil, oil phase or taste oil, correspond mainly to the oil content of the
juice vesicles and, depending on the extractive equipment employed, to the varying
amount of peel oil which is present in the juice (see 3.2.2.1).

Apart from the taste oils, the aqueous essences synonymously called aroma, water-
phase, waterphase aroma or essence waterphase are also retained as part of the aroma
recovery during juice concentration. Their flavouring potential is mainly used in
reconstituted fruit juices. On the one hand, the watery environment exerts a negative
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impact on many citrus flavourings; on the other hand, the instability and, therefore,
the necessity to store the aqueous, low concentrated flavour at freezing temperatures
have turned out to be very cost-intensive.

. <~ Albedo

} Flavedo

v
< :
¢ ; e Oil Glands

Fig. 3.14: Cross section of an orange showing the location of oil glands in the flavedo

Apart from the already described processes, another method of distillative technology
has found application, especially for lime fruits. Here entire fruits are submitted to
steam distillation which, due to the exposure to thermal and acidic influences, results
in the so-called distilled lime oil. The overall flavour profile of these oils differs
considerably from that of cold-pressed lime oil.

So far only the oils obtained from citrus fruits have been taken into account. Addition-
ally, essential oils of the leaves, twigs and blossoms of citrus species are also availa-
ble. Water vapour distillates of leaves and twigs are called petitgrain oils, while the
distillate of orange blossoms is commercially available as neroli oil. Furthermore,
also an orange flower absolute is produced from orange blossoms [2].

Citrus Essential Oils — Constituents and Processing

Citrus oils are widely used for flavouring purposes. Their range of application extends
from the food sector to household cleansers and fine perfumery /3].

The flavour properties of the citrus oils are based on compounds like aldehydes, esters
and alcohols. Aldehydes play the most important role in citrus flavours. Mainly the
saturated C-8, C-10 and C-12 long-chain constituents as well as the terpenoid alde-
hydes citral (a mixture of neral and geranial) and citronellal form the basic notes of
the fresh and pleasant citrus flavour. Also sesquiterpene aldehydes and ketones, such
as sinensal or nootkatone, are significant for citrus flavours. The aldehyde content,
therefore, is frequently used as a quality criterion for citrus oils. Important citrus
alcohols are linalool, octanol, a-terpineol (especially in distilled lime oil) and ter-
pinen-4-ol. Furthermore, esters contribute to the flavour properties of citrus oils.
Especially the acetates of geraniol and nerol and, to a lesser extent, citronellol are
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connected with citrus flavour impressions. Linalyl acetate and methyl N-methylan-
thranilate are basic esters of bergamot and mandarin oil, respectively. Although
flavour quality is closely tied to the composition of these middle polar constituents,
they only play a minor role in citrus oils as far as quantity is concerned. The main
constituents of citrus oils are non-polar terpenes and sesquiterpenes with limonene
contributing the lion’s share. Limonene, the main constituent, is present in a range
between 60% (i.e. lemon) and 95% (i.e. orange) depending on the citrus variety and
geographic origin. The chemical and physical properties of the citrus oils are there-
fore closely tied to the characteristics of this compound class. In this context, their
poor solubility in water (a result of their non-polar structure) as well as their thermal
instability and sensitivity to oxidation exert a considerable influence on the properties
of these oils. Oxidation, degradation and other transformation products of terpenes,
which can form under stress conditions, constitute odour-relevant off-compounds [4-
9], which are usually only minor contributors to the citrus flavour. These reactivities
are nevertheless able to disturb the citrus flavour associations resulting in a negative
impact on the flavoured products.

Apart from the volatile constituents, cold-pressed citrus oils contain a non-volatile
fraction in varying amounts (1% in orange oil, up to 10% in cold-pressed lime oil),
which is associated with emulsifying and stabilising properties.

While most perfumers employ raw citrus or petitgrain oils for usage in fragrance
applications (solubility in alcoholic fragrances is sufficient and no thermal stress is
required for fragrance applications), the usage of concentrated citrus oils is often
called for in the food industry. Applications in beverages and foods require more
sophisticated properties as far as solubility and stability are concerned.

Enhanced stability and improved solubility are features of concentrated citrus oil
products as a result of their reduced amounts of terpenes. These properties are of
particular importance for flavouring soft drinks, the most important field of applica-
tion for citrus flavourings in the food sector.

So today more than ever, attempts are made to preclude undesired side-reactions of
terpenes by minimising the terpene content of citrus oils.

Basically, different techniques can be employed to optimally concentrate citrus oils:
distillative, extractive and chromatographic methods are available; frequently com-
bined multi-step technologies are used. However, cold procedures are apparently the
first choice in citrus oil processing (see chapter 2), if the following aspects are
considered:

— loss of flavour

— thermal lability of terpenes and flavour contributors
— off-flavour formation

— stabilising effect of non-volatiles

— sensitivity to oxidation

— complexity of the citrus flavour.

The suitability of the various deterpenation methods will be dealt with briefly in the
following.
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Distillative Separation of Terpenes (see 2.1.3)

Distillation is often used on an industrial scale [10, 1] to produce concentrated citrus
oils. Distillation provides a simple method with standard equipment, moderate ex-
penditure and high production capacities.

Disadvantage. As any distillative process causes higher temperatures, aspects like
thermal instability of terpenes are neglected. This results in radically or thermally
induced transformation and crack processes of terpenes, forming precursors which
subsequently lead to quick aroma destruction and a negative impact on the aroma
profile of the concentrated oils.

Extractive Methods (see 2.1.1-2.1.2)

This concentration method basically offers a high measure of variability [10, 12-17].
The extractive concentration of citrus oils can proceed at low temperatures and,
therefore, ensures minimal side reactions. Generally, citrus aroma concentrates of
high quality can be produced by extraction. Such products reflect the entire complex
aroma pattern: even trace odour components or non-volatiles contributing to the
stability of the flavour are selectively extracted. Special product characteristics are
adjustable by process parameters and choice of solvent.

Disadvantages. Only a limited number of solvents are in accordance with legislative
guidelines for food processing, are easy to remove and provide the possibility of re-
utilisation. Furthermore various processing steps are necessary for recovering the
concentrates from the diluted solutions; the method, therefore, is more cost-intensive.

In this context the so-called ‘washing’ of citrus oils is still employed in the beverage
industry. It constitutes a simple, traditional extraction method. Here, the citrus oils are
extracted with watery alcoholic solutions and the oil extract is deterpenised depending
on water content and oil/solvent ratio [/8]. At about 50%, the yield for flavour
compounds is comparatively low [/9]. The deterpenised oil is not freed from solvents
and, therefore, only encounters a limited range of applications.

Chromatography

This method allows the fractionation of citrus oils based on the different polarity of
terpene and aroma fraction [20, 21]. Their different adsorption characteristics on
stationary phases can be employed for the selective separation of these complex
mixtures of natural substances. The method originates from analytical laboratory
techniques and its application on various stationary phases is realised industrially
today /22, 23]. Adsorption on stationary phases and their subsequent desorption with
various solvents is possible for different adsorption materials. Also partition chroma-
tographic methods play an important role in citrus flavour concentration processes,
especially for aqueous citrus essences.

Chromatographic processes eliminate high temperatures and even allow the complete
deterpenation of citrus oils. Additionally they allow the enrichment of non-volatile
compounds. Selectively enhanced fractions of coumarins and tocopherols, natural
flavonoids and carotenoids are well suited for usage in special applications which
feature excellent stability and capture the desired aroma profile.
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Disadvantage. Aspects are analogous to extraction methods. Compared to the amount
of citrus concentrates produced around the world, these products are only produced

on a small scale.

3.2.2.2.2 Citrus Oil Varieties

Bergamot Qil
Geographical Origin:

Sensory Evaluation:

Production:

Physical Data:

Chemical Data:

Enantiodifferentiation:

Citrus aurantium L. ssp. bergamia

Italy is the main growing area (especially Calabria), as
well as South America, Turkey and China.

Floral, fruity, greenish, weakly herbaceous, the oil resem-
bles lavender and neroli notes and possesses a weak cori-
ander and nutmeg base note. The oil with its very pleasing
odour is mainly used in perfumery.

Pressed by the pellatrice technique from the peel of the
fruits from autumn (green oil) to spring (yellow oil).

Fruits and juice, as a result of their high acid content, are
not suited for consumption. Cultivation depends entirely
on the yield of peel oil which, therefore, is expensive. The
confirmation of native origin via suitable detection meth-
ods is of special importance.

d,;:  0.876 - 0.884 (lDZO: 8 -30°
n,’:  1.463 - 1.467 L, % 1:1
Aldehydes (cal. as citral): 0.4 - 1.2%

Depending on production time and growing area, the con-
tent of linalool and linalyl acetate varies [24-30]. Qualities
from autumn production possess higher linalool values (15 -
16%) than spring oils, while, on the other hand, the content
of linalyl acetate increases with fruit maturity (up to 33%)
[28, 31].

Important constituents of the non-volatile range are berga-
mottin, S-geranyloxy-7-methoxycoumarin, citropten and
bergapten, which together represent 1.5 - 4% of the oil [32,
33]. Due to the high bergapten content, usage in perfumery
is limited by law. This is a result of the phototoxicity of
bergapten which, when exposed to light, causes severe
erythema [34].

Native qualities contain R(-)-linalool as well as R(-)-lina-
lyl acetate in an enantiomeric purity of over 99% [35, 36].
98% of the limonene content is present as R(+)-limonene.
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Table 3.16: Main constituents (%) of various bergamot oils

Limonene
Linalyl acetate
Linalool
B-Pinene
y-Terpinene
Myrcene
o-Pinene
Bisabolene
Geranyl acetate
Geranial
a-Terpineol

35
30
12
6

6
14
1.3
0.5
03
0.2
0.1

Italy /24] | Calabria [25] | Argentina [26] | China [27] | Turkey [37]
38 42 41 32
28 28 23 37
10 11 13 16

7 5 5 3
8 0.5 5 4
1 0.9 1.5 0.8
1.3 0.8 1 0.8
0.5 0.6 1.4
04 1.3 0.2
0.4 0.2 0.2
0.1 4 2 0.2

Grapefruit Oil

Geographical Origin:

Sensory Evaluation:

Production:

Physical Data:

Chemical Data:

Citrus paradisi Macfad.

Main growing areas are located in North and Central
America (Florida, California, Mexico and Cuba) as well as
in Israel

Typical bitter grapefruit note which resembles both bitter
and sweet orange. Additionally, the peel oil is character-
ised as a peel-like, pronounced, watery, juicy, greenish
citrus note.

Grapefruit oils are mainly used in flavourings. In perfum-
ery, they are only employed as modifiers for other citrus
types (bergamot, bitter orange, lemon etc.).

During juice production from the peel of the fruits.
d,;; 0.846 - 0.856 o, 90 - 96°
n >’ 1.474-1.478 L% 1:1

D

Aldehydes (cal. as decanal): 1.1 - 1.6%

Epoxybergamottin, auraptene, meranzin, epoxyauraptene,
bergamottin and isomeranzin are the most important con-
stituents of the non-volatile range. Together with a number
of other flavones and coumarins, they form a pattern which
is typical for grapefruit oil and make up app. 3-5% of the
oil /38, 39]. (+)-Nootkatone is responsible for the typical
bitter note.

Apart from the widespread white marsh grapefruit, red and
pink grapefruit varieties have encountered increasing pop-
ularity. Carotenoids are responsible for the red colour; an-
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Enantiodifferentiation:

Grapefruit Essence Oil

alytical investigations have shown that the carotenoid pat-
tern depends on the part of the fruit - flavedo, pulp or peel
[40]. Additionally, a number of hybrids with grapefruit as
one parent strain have been developed in recent years with
the aim of creating organoleptically new citrus nuances for
the fresh fruit market [4] ,42]. The variety Sweetie or
Oroblanco (hybrid of grapefruit and Pummelo) is already
well established on the fresh fruit market and growing
harvests now increasingly permit industrial production of
juice and oil [43].

R(+)-limonene and R(+)-a-pinene are present in enantio-
meric purities of over 99% of total limonene and o.-pinene
[44, 45].

For botanical name and origin see above.

Production:

Sensory Evaluation:

Physical Data:

Chemical Data:

Enantiodifferentiation:

During grapefruit juice concentration (see 3.2.2.1).

The intensely fruity, juicy, slightly woody and sulphurous,
tropical odour profile of this oil also features a pronounced
nootkatone note.

d,;: 0.840 - 0.851 o, 89 -100°

D
n,”’: 1.469 - 1.477 L% 11
Aldehydes (cal. as decanal): 1.5 - 2.5%
see grapefruit oil

The especially fresh, juicy grapefruit note is due to the
presence of R(+)-para-menthene-8-thiol which can be de-
tected as a trace constituent in the ppb range of grapefruit
oils [46]. Other important potent odour-active volatiles of
grapefruit juice are 1-penten-3-one, 1-hepten-3-one, hex-
anal, 4-mercapto-4-methylpentan-2-one and 4,5-epoxy-
(E)-2-decenal [47].

Grapefruit Aqueous Essence

For botanical name and origin see grapefruit oil.

Production:

Sensory Evaluation:

Physical Data:

During the concentration of grapefruit juice via TASTE
evaporators.

The aqueous grapefruit essence is characterised as an
aqueous, juicy, fruity, woody, estery, sweaty nootkatone
and acetal note.

dy: 0.970 - 0.989 pH:  45-68
n,: 1.335-1.343 Vol%: 5-15%
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Main Components:

Ethanol (5-12%), methanol, acetaldehyde

The total aroma content (without the previously listed compounds) amounts to app.
400 ppm and is made up by the following main constituents (the values quoted in
parentheses correspond to ppm values) [48]:

cis- and trans-linalool oxide (60-180), a-terpineol (20-40), iso-amylalcohol (15-40),
linalool (15-25), C-6-aldehydes (20-60), nootkatone (5-30), t-carveol (10-15), ethyl

butyrate (2-15).

Table 3.17: Main constituents (%) of grapefruit oils

white white white Sweetie | Essence Oil

Cuba Florida Israel Israel USA

[43] [43] [49] [43] [48]
Limonene 94.5 934 93.0 94.0 88.9
Myrcene 1.87 1.92 1.97 2.00 1.62
Octanal 0.51 0.50 0.29 0.62 0.33
Sabinene 0.34 0.37 0.39 0.91 0.31
Decanal 0.39 0.53 0.27 0.31 0.34
o-Pinene 0.51 0.48 0.59 0.58 0.29
B-Caryophyllene 0.28 0.32 0.31 0.13 2.71
Geranial 0.10 0.08 0.08 0.15 0.24
Neral 0.05 0.04 0.05 0.08 0.10
Nootkatone tr 0.37 0.30 tr 1.00
Citronellal 0.06 0.10 0.07 0.06 -
Octanol 0.05 0.04 0.02 0.02 0.02
Humulene 0.04 0.05 0.04 0.03 0.29
Germacrene D 0.08 0.10 0.10

Lemon QOil

Geographical Origin:

Sensory Evaluation:

Production:

Citrus limon (L.) Burm. f.

Main growing areas are the USA, Italy, Argentina, Brazil,
Uruguay, Greece, Spain and Israel.

Typical lemon character with a sweet, fresh, sharp, citral-
like aroma note, with a weak resemblance to orange.
Lemon oil imparts a refreshing touch to many flavour and
fragrance blends.

By various pressing processes from the fruit peel (Sfuma-
trice, Pellatrice and FMC technology).

Depending on time of harvesting, growing and processing
technique as well as lemon variety and geographical ori-
gin, oils of different qualities are obtained /50-53]. Sicilian
winter oils possess the highest priority from a qualitative
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Physical Data:

Chemical Data:

Enantiodifferentiation:

Lemon Essence Oil

point of view, a result of the unique climatic conditions
and the fertile volcanic soil.

d,;:  0.846 - 0.854 o, 56 - 66°

D
nD2°: 1.472 - 1.476 L%ZO: 1:1
Aldehydes (cal. as citral): 2.7 - 3.9%

A number of coumarin derivatives constitute an important
part of the non-volatile fraction. These form a pattern
which is characteristic for lemon oil and which can be used
for both, quality control and confirmation of native origin
[54-57]. The most important constituents of this com-
pound class are: bergamottin, 5-geranyloxy-7-methoxy-
coumarin, oxypeucedanin, citropten, 8-geranyloxypsor-
alen, byakangelicin, isoimperatorin, 5-isopentenyloxy-8-
epoxyisopentyloxypsoralen, phellopterin and a few others.

Native qualities contain R(+)-limonene with an enantio-
meric purity of over 98% [58, 59].

For botanical name and origin see lemon oil.

Sensory Evaluation:

Production:

Physical Data:

Chemical Data:

Enantiodifferentiation:

Also in the essence oil, the characteristic lemon odour is
closely associated with citral, an isomeric mixture of neral
and geranial. Moreover, the essence oil also features a
juicy, earthy, aqueous, refreshing note.

During the concentration of lemon juice (see 3.2.2.1).

Depending on production conditions, oils of varying qual-
ity are available. As exposure to temperature has a very
negative impact on lemon products, only oils obtained by
gentle production methods are sensorially valuable. During
the distillative production process, all natural stabilizers
are removed and the oil, therefore, has to be stored at low
temperatures without exposure to air.

d,;: 0.844 - 0.852 o, 66 -76°

n, 1.470 - 1.476 Ly 15

Aldehydes (cal. as citral): 1.5 - 3.5%

see lemon oil
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Table 3.18: Main components (%) of lemon oils

Lemon Peel Oils Lemon Essence Oil
Italy Spain USA  Uruguay Israel Italy
[60] [61] [62] [63] [64] [48]
Calif. North
(coast)
Limonene 65.3 66.0 59.6 67.2 71.8 66.6
3-Pinene 12.7 10.5 16.5 13.9% 8.57 8.30
y-Terpinene 9.00 10.1 9.64 8.88 7.83 10.1
o-Pinene 2.00 1.58 2.13 1.92 1.65 1.42
Sabinene 2.10 1.67 2.59 * 1.52 0.50
Myrcene 1.41 1.45 1.28 1.58 1.63 1.45
Geranial 1.76 1.32 1.45 1.32 1.18 2.01
-Bisabolene 0.58 0.84 0.59 0.51 0.66 0.41
Neral 1.10 0.80 0.90 0.76 0.74 1.22
o-Terpineol 0.17 0.63 0.23 0.16 0.17 1.34
Geranyl acetate 0.32 0.58 0.65 0.31 0.20 0.56
Neryl acetate 0.37 0.57 0.56 0.42 0.32 0.60
t-a-Bergamotene 0.37 0.50 0.38 0.34 0.39 0.24
Terpinolene 0.40 0.43 0.38 0.36 0.34 0.74
para-Cymene 0.06 0.38 0.03 - 0.20 0.53
o-Thujene 0.40 0.35 0.44 0.40 0.37 0.39
B-Caryophyllene 0.21 0.24 0.24 0.26 0.24 0.17
o-Terpinene 0.20 0.20 0.31 0.18 0.16 0.39
Citronellal 0.07 0.11 0.08 0.09 0.08 0.02
Nonanal 0.11 0.11 0.23 0.10 0.11 ok
Linalool 0.29 0.10 0.25 0.12 0.11 0.3
Nerol 0.03 0.09 0.03 0.03 0.04 0.07
Terpinen-4-ol 0.02 0.08 0.11 0.04 0.03 1.02
Geraniol 0.09 0.07 0.04 0.03 0.04 woE
Decanal 0.04 0.06 0.06 0.05 0.04 0.07
Camphene 0.10 0.05 0.07 0.06 0.05 0.09
Octanal 0.10 0.05 0.13 0.04 0.06 0.04

* Coelution of B-pinene and sabinene.
** Cannot be characterised unambiguously due to GC peak overlapping.
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Lime Qils

Source:

Geographical Origin:

Production:
1. Distilled Lime Oils:

2. Cold-pressed Lime Oils:

Citrus aurantifolia Swingle: Key, Mexican or West In-
dian lime (small fruit with many seeds)

Citrus latifolia Tanaka: Persian or Tahiti Lime (large,
seedless fruits)

Key lime is cultivated in Mexico, Peru and Haiti, while
the Persian lime originates from Florida and Brazil.

After washing the fruits, a screw press is employed to
produce a juice-water emulsion. Subsequently, this
emulsion is subjected to steam distillation. More than
85% of all commercially available lime oils derive
from a distillative process. Sensorially, they differ con-
siderably from cold-pressed oils.

Two production procedures are used:

A) After generating the juice-oil-emulsion (see 1), the
oil is separated by centrifuging.

B) After washing the fruits, the peel is slightly grated
and the oil is washed out with water. The oil then is
retained by centrifugation. This method is identical
with the Pellatrice production method.

While both methods are employed for Key limes, cold-pressed Persian lime oils are
always produced by method B.

Sensory Evaluation:

Distilled lime oils possess a terpeny-like, fresh, sharp
citrus note, which characterises the cola flavour. Dis-
tilled lime oils are mainly used in soft drinks. Apart
from flavouring colas, the combination lemon-lime has
also found widespread application. Cold-pressed lime
oil is well suited for usage in perfumery, as its fresh,
heavy, sweet, earthy and peel-like smooth and balsamic
citrus note possesses an exceptionally high sensorial
potential and is, therefore, held in high esteem [65].
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Physical and Chemical Data:

Distilled lime Cold-pressed lime
Key lime Persian lime Key lime Persian lime
Mexico Peru Florida Type A Type B

d,, 0.857-0.867 0.854-0.864 0.843-0.853 |0.874-0.884 0.873-0.883 0.865-0.875
n,” 1.472-1.480 1.471-1.479 1.470-1.478 |1.482-1.490 1.482-1.490 1.477-1.485
ap? 30-41° 29-39° 49-58° 32-42° too dark 44-54°
Solubility L, 1:4 L, 1:1
Aldehyde 0.3-1% 0.2-1% 0.5-1.4% 3.8-5.4% 4.4-6% 3.2-4.8%
(cal. as decanal):

As a result of acid-catalysed reactions during steam distillation, a number of terpenes
and sesquiterpenes [66] of the native cold-pressed oils undergo transformation /9, 67-
69]. This applies mainly to the pinenes, sabinene, thujene and some sesquiterpenes.
While cold-pressed lime oils contain up to 2.3% of the reactive germacrenes, only
traces of germacrene B can be found in distilled oils [70]. When compared to their
educts, the newly formed constituents, mainly alcohols, such as a-terpineol or fenchyl
alcohol, possess completely different sensory properties. Additionally, cyclisations
and hydratisations of aldehydes result in a reduced presence of these constituents in
distilled products. Many compounds which characterise the flavour of distilled lime
are formed during production. The extremely different composition of cold-pressed
and distilled oils accounts for their completely different flavour profile and they,
therefore, have to be considered as a reaction flavouring.

While steam distillates do not contain non-volatile constituents, the cold-pressed oils
are rich in coumarin compounds. They contain up to 9% coumarin components, with
a profile of bergamottin, 5-geranyloxy-7-methoxycoumarin, 5-geranyloxy-8-methox-
ypsoralen, citropten, 8-geranyloxy-coumarin, herniarin, bergapten, isopimpinellin,
oxypeucedanin and a few other accompanying compounds, typical for native lime
oils. As a result of its sensitivity to acid, a considerably lower amount of oxypeuced-
anin can be found in cold-pressed oil type A than in type B oils [48, 71, 72].

Enantiodifferentiation: Cold-pressed lime oils contain R(+)-limonene in an enantio-
meric purity of over 96%, while S(-)-limonene reaches values
of 7-10% in distilled oils [48].
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Table 3.19: Main components % of lime oils [73]

Distilled lime Cold-pressed lime
Key lime  Persian lime Key lime Persian lime
Type A Type B
Limonene 48 58 49 48 52
y-Terpinene 10.9 16.1 7 8 14
Terpinolene 7.7 2.7 0.4 0.4 0.6
a-Terpineol 6.3 2.1 0.3 0.3 0.2
o-Terpinene 2.5 1.1 0.2 0.2 0.2
B-Pinene 2.2 6.0 20 20 12
p-Cymene 1.8 1.5 0.6 0.3 0.4
B-Bisabolene 1.4 0.6 2.1 2.0 1.8
Myrcene 1.3 1.6 1.1 1.2 1.3
o-Pinene 1.2 2.2 2.2 2.2 2.0
1.4-Cineole 1.0 1.0 0.01 0.01 0.01
1.8-Cineole 1.0 1.0 1.0 0.8 0.9
A’-Carene 1.0 0.2 0.01 0.01 0.01
y-Terpineol 0.9 0.2 - - -
Terpinen-1-ol 0.8 0.1 - - -
Terpinen-4-ol 0.8 0.5 0.20 0.04 0.04
Sabinene - - 3 3 2.1
Geranial 0.04 0.12 2.4 3 2.8
Neral 0.02 0.09 1.4 1.8 0.7
Geranyl acetate 0.08 0.09 0.3 0.3 0.3
Neryl acetate 0.08 - 0.5 0.5 -
Linalool 0.05 0.05 0.2 0.2 0.2
Germacrene A * nf - 0.41 0.41 0.16
Germacrene B * 0.06 - 0.84 0.84 0.18
Germacrene C * nf - 0.55 0.55 0.11
Germacrene D * nf - 0.35 0.35 0.12

* Average germacrenes from [70].

Mandarin Oil
Tangerine Oil

Geographical Origin:

Citrus reticulata, Citrus deliciosa

Citrus reticulata Blanco var. Dancy

Main growing areas of mandarin are Italy and
China. Smaller quantities are produced in the USA,
Argentina, Brazil, Spain and Greece. Tangerines are
cultivated mainly in Brazil, but also in Spain, Mex-

ico and the USA.
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Production: Three different qualities can be distinguished:
green, yellow and red mandarin oil, where the latter
is the most common. Depending on the degree of
ripeness, the fruit is harvested from late autumn to
spring in Italy. For yellow and green qualities the
harvest is nearly entirely used for oil production, as
the juice of the unripe fruits is of little commercial
value. These oil specialities are, therefore, of corre-
spondingly high price. The green and yellow oils
are produced mainly by the pellatrice technique,
while the red mandarin oil is derived from the entire
fruit via centrifuging the peel-juice-oil emulsion.

Sensory Evaluation: Red mandarin is characterised by its amine-like top
note. The sweet, heavy flavour with its floral base
does, in contrast to all other citrus oils, not possess
a refreshing, but a more fatty character.

On the other hand, both, the green and yellow man-
darin as well as tangerine feature a refreshing, fresh-
fruity character.

Physical and Chemical Data:

Italian Mandarin Tangerine
Density d,: 0.846-0.856 0.841 - 0.851
Refractive Index n,”: 1.472-1.478 1.471-1.479
Optical Rotation o, 65-75° 85-95°
Solubility L, 1:1 1:1
Aldehydes (cal. as decanal): 0.5-1.2% 0.3-1.1%

The large number of mandarin varieties [74] results in mandarin and tangerine oils
with largely varying composition, also reflected in the oils’ sensorial impact (see
Tables 3.20 and 3.21) [75].

Italian mandarin oils are characterised by the terpenes limonene (app. 70%) and y-
terpinene (app. 20%). Apart from a-sinensal and long-chain saturated aldehydes there
is a number of sensorially important unsaturated aldehydes with citrus-like, aldehy-
dic, fatty and waxy flavour. Also the potent C-11-hydrocarbons (1,3E,5Z)-undeca-
triene, (1,3E,5E,8Z7)-, (1,3E,5Z,8Z)-undecatetraene and methyl N-methylanthranilate
characterise the typical taste and odour of red mandarin [76]. The latter compound,
which also causes the fluorescent character of mandarin oil, is a main constituent of
mandarin leaf oils (see Petitgrain oils).

When compared to Italian mandarin oils, other mandarin [77] or tangerine oils such
as Dancy [76] or Murcott tangerine [78] are even more dominated by limonene (app.
95%). Moreover, the composition of the flavour compounds and, therefore, the entire
flavour profile, is considerably less complex [76]. This is also evident in the rather
different content of methyl N-methylanthranilate and a-sinensal. Apart from the
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monoterpenes myrcene and a-pinene, octanal, [E,E]-deca-2,4-dienal and wine lactone
[79], aroma analysis [see 6.2.4, Grosch] has confirmed linalool as the most important
odour constituent of clementine oil.

The non-volatile range of mandarin and tangerine oil is characterised mainly by the
methoxyflavones tangeretin, heptamethoxyflavone and nobiletin; this compound
class comprises up to 3500 ppm in Italian mandarin oils /38, 80].

Enantiodifferentiation:

Mandarin Essence Oil

Native qualities of commercial Italian mandarin oils con-
tain R(+)-limonene in an enantiomeric purity of about 98%
[81]. Mandarin and tangerine varieties, such as Italian
clementine /82], nova and satsuma mandarin [77], Mur-
cott tangerine and Chinese tangerine [78] even contain
>99% R(+)-limonene.

For botanical name and origin see Mandarin oil.

Production:

Sensory Evaluation:

Physical Data:

Chemical Data:

Enantiodifferentiation:

During the production of mandarin juice concentrate (see
3.2.2.1).

Depending on the production conditions, oils of different
quality are available. As the mandarin aroma is thermally
very sensitive, only those oils that are produced by gentle
processes are of sensorial value.

Oils of high qualitative value possess a very sweet, fruity,
juicy, flowery and aldehydic note.

d,: 0.841-0.850 o, 65-75°

n,: 1.471-1.479 L% 1:1

Aldehydes (cal. as decanal): 0.4-1.2%

see mandarin oil

Table 3.20: Main components (%) of mandarin oils

Limonene

y-Terpinene
o-Pinene
Myrcene
B-Pinene
Terpinolene

Methyl N-methyl-
anthranilate

Mandarin Tangerine Mandarin
Essence Oil

Italy /83]  Spain [84] | Florida [85] Brazil [85] | Italy [48]
70 77 91 94 67

19.3 13.7 3.09 0.48 20.9
2.37 1.75 1.00 0.70 1.97
1.76 1.86 2.03 1.95 1.60
1.68 1.15 0.44 1.07 1.60
0.88 0.62 0.13 0.04 0.98
0.35 0.28 - 0.01 0.80
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Mandarin Tangerine Mandarin
Essence Oil
Italy /[83]  Spain [84] | Florida [85] Brazil [85] | Italy [48]
o-Terpinene 0.30 0.20 0.05 0.02 0.54
Sinensal 0.25 0.19 0.07 0.08 0.11
Sabinene 0.25 0.21 0.19
Octanal 0.14 0.22 0.20 0.10 0.10
a-Terpineol 0.15 0.20 0.02 0.02 0.44
Linalool 0.11 0.16 0.62 0.49 0.37
Decanal 0.09 0.06 0.10 0.04 0.10
p-Cymene 0.20 0.18 0.04 0.60
Geranial 0.04 0.04 0.01 0.01 0.03
o-Phellandrene 0.07 0.05 0.03 0.04 0.19
Thymol 0.05 0.11 0.03 0.04 0.19
1.8-Cineole - - 0.63 0.69 0.02
Geranyl acetate 0.01 0.01 0.05 0.03 0.02

Table 3.21: Main components (%) of less common mandarin oils

Satsuma Nova Clementine | Murcott

Mandarin Mandarin Tangerine

Uruguay [77] Uruguay [77] Italy /86] Brazil [78]
a-Thujene 0.12 tr tr tr
o-Pinene 0.79 0.48 0.37 0.53
Sabinene 0.17 0.34 0.18 0.29
3-Pinene 0.25 0.14 tr 0.03
Octanal 0.19 0.17 - 0.36
Myrcene 2.01 1.93 1.83 1.85
o-Phellandrene 0.04 0.03 0.02 0.03
A*-Carene - 0.17 tr 0.02
Limonene + 91.0 93.1 94.7 94.9
B-Phellandrene
trans-f-Ocimene 0.03 0.44 0.02 0.04
y-Terpinene 3.34 0.01 0.01 -
Terpinolene 0.15 0.03 0.02 0.01
Nonanal 0.05 0.05 - 0.10
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Satsuma Nova Clementine | Murcott
mandarin Mandarin Tangerine
Uruguay [77] Uruguay [77] Italy [86] Brazil [78]

Linalool 0.20 0.88 1.15 0.37
Citronellal 0.04 0.01 - 0.12
Terpinen-4-ol 0.02 0.01 0.02 tr
a-Terpineol 0.10 0.08 0.09 0.04
Decanal 0.13 0.32 0.27 0.36
Neral 0.01 0.03 - 0.08
Geranial 0.02 0.06 0.07 0.03
Perillaldehyd 0.05 0.04 - -
Methyl N-methyl- - - 0.02 -
anthranilate

a-Copaene 0.04 0.03 0.03 0.03
Dodecanal 0.02 0.07 0.06 0.07
Germacrene D 0.17 0.11 - 0.02
[-Sinensal tr 0.02 0.01 tr
o-Sinensal tr 0.04 0.21 tr

Orange Oil Citrus sinensis (L.) Osbeck

Geographical Origin:

Sensory Evaluation:

Production:

Physical Data:

Brazil and the USA are main producers of orange oil. As a
by-product of orange juice production, orange oil is also
available from Israel, Italy, Spain, Argentina, Africa and
Australia.

The sweetish, fresh top note is typical for orange peel oil.
Sensorially, this citrus note can be correlated with the at-
tributes fruity, peel-like and waxy, aldehydic, estery, ter-
pene-like.

Orange oil constitutes a highly popular flavouring basis for
both fragrances and flavourings. The abundance of the
material as well as its moderate price render it attractive
for all applications ranging from fine perfumery to house-
hold cleaning products.

From the peel of the orange fruit.
d 0.840-0.850
n 1.469-1.477

™ 93-100°
L, % 1:1

20°
20,
D -
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Chemical Data:

Blood Orange Oil

Geographical Origin:

Production:

Sensory Evaluation:

Physical Data:

Chemical Data:

Bitter Orange Oil
Geographical Origin:

Aldehydes (cal. as decanal): 0.8 - 2.0%

Of all citrus oils, orange oil possesses the highest number
of terpene hydrocarbons. It constitutes the best natural
source of R(+)-limonene, a highly valued natural solvent.
The typical orange flavour is characterised by the presence
of aldehydes C8-C12, linalool, a- and -sinsenal.

A characteristic pattern of various flavones can be detected
in the non-volatile part of orange oil: heptamethoxyfla-
vone, nobiletin, tetra-O-methylscutellarein, tangeretin,
hexamethoxyflavone and sinensitin.

Enantiodifferentiation: Limonene is present in a purity ex-
ceeding 99% as the R(+)-enantiomer [45, 58]. Linalool is
present in an enantiomeric excess of over 93% S(+)-lina-
lool.

Citrus sinensis (L.) Osbeck var. Moro
Citrus sinensis (L.) Osbeck var. Tarocco
Citrus sinensis (L.) Osbeck var. Sanguinello
Citrus sinensis (L.) Osbeck var. Sanguigno

Sicily
From the fruit peels during juice extraction (FMC).

Pure qualities of blood orange oil are produced in Italy,
since more than 30% of the oranges cultivated in Sicily are
blood orange varieties. A blend with Valencia oranges is
mostly avoided, as blood oranges are processed during
mid-season, from February to April /87, 88]. The commer-
cially available blood orange oils of high quality usually
constitute a blend of the varieties listed above: Moro, San-
guinello, Tarocco and Sanguigno.

When compared to Valencia varieties, blood orange oil is
characterised by its intensely fruity, estery, weakly peely,
aldehyde note.

d,;; 0.850-0.860 nD20: 1.471-1.479
o, 85-95° L% 11
Aldehydes (cal. as decanal): 1.0-1.7%

Both, the composition of the non-volatile sector as well as
the enantiomeric ratio of limonene are analogous to that of
sweet orange oil.

Citrus aurantium L., ssp. amara Engl.

The main growing areas of bitter orange are situated in
Italy (Sicily), Spain and Brazil.
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Production:

Sensory Evaluation:

Physical Data:

Chemical Data:

Enantiodifferentiation:

By Pelatrice-extraction from the fruit peels.

As aresult of their sour and bitter taste, the fruits are rarely
consumed. Mostly, they are cultivated for the production
of peel oil. In Spain the fruit is additionally also used for
producing bitter orange marmalade. Just like green manda-
rin oil and bergamot oil, this oil, therefore, constitutes a
rather expensive citrus product, as it is not possible to
distribute costs between oil and juice.

Bitter orange oil possesses an extremely strong fresh note.
Its character is less sweet than that of orange oil; its flavour
character is floral, aldehydic with a bitter, dry, earthy ex-
pression. The oil displays a fresh, aqueous and green
aroma note, which allows the association with bergamot.
Its fixative effect constitutes an additional positive feature
of this pleasing oil.

dy: 0.843-0.853 a, ;. 86-96°

D
n,: 1.471-1.479 L% 1:1
Aldehydes (cal. as decanal): 0.3-1%

While methoxyflavones constitute the non-volatile part of
Citrus sinensis oils, bitter orange oil possesses a com-
pletely different pattern of coumarins and flavones. Char-
acteristic for this range of bitter orange oil are meranzin,
isomeranzin, bergapten, epoxybergamottin, tangeretin, 0s-
thol, nobiletin and heptamethoxyflavone [38, 89].

While limonene, analogous to Citrus sinensis oils, is
present in an enantiomeric purity exceeding 99%, the ratio
of the linalool antipodes is inverted. Of its enantiomers, R(-
)-linalool is present in values exceeding 70% [48, 80, 90].

Table 3.22: Main components (%) of orange oils

Sweet Orange Oil Blood Bitter
Orange Oil Orange Oil

Brazil USA  Spain  Italy Israel Italy Spain Brazil Italy

[48] [48] [48] [87] [91] [92] [93]  [48] [94]
Limonene 94.6 93.9 93.3 94.8 94 95.2 92.3 93.2 93.5
Myrcene 1.92 1.93 1.88 1.86 1.89 1.88 1.85 1.83 1.79
Linalool and 0.54 0.40 0.66 0.52 0.45 0.47 0.29 0.20 0.30
Nonanal
o-Pinene 0.50 0.53 0.52 0.51 0.52 0.50 0.48 0.50 0.56
Decanal 0.30 0.37 0.34 0.23 0.32 0.17 0.14 0.14 0.12
Octanal 0.26 0.30 0.37 0.27 0.28 0.15 0.02 0.07 0.14
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Sweet Orange Oil Blood Bitter
Orange Oil Orange Oil
Brazil USA  Spain  Italy Israel Italy Spain  Brazil  Italy
[48] [48] [48] [87] [91] [92] [93]  [48] [94]
Sabinene 0.24 0.44 0.69 0.63 0.55 0.44 0.15 0.26 0.32
Geranial 0.09 0.08 0.09 0.10 0.09 0.07 0.02  0.07 0.07
Dodecanal 0.09 0.10 0.09 0.04 0.06 0.03 0.03 0.05 0.02
Neral 0.07 0.08 0.07 0.06 0.05 0.05 0.01 0.05 0.05
Citronellal 0.06 0.06 0.05 0.04 0.06 0.04 0.01
a-Terpineol 0.06 0.19 0.07 0.05 0.04 0.04 0.10 0.04
Octanol 0.06 0.14 0.10 0.02 0.01 0.01
Valencene 0.04 0.11 0.25 0.08 0.05 0.18 0.01
f-Sinensal 0.04 0.05 0.03 0.03 0.05 0.02
Nerol 0.02 0.03 0.02 0.02 0.06 0.01 0.01 0.01
f-Pinene 0.02 0.03 0.18 0.05 0.06 0.03 0.28 0.88 0.94
B-Caryophyllene| 0.02 0.02 0.04 0.02 0.05 0.02 0.11 0.09 0.05
o-Sinensal 0.02 0.03 0.02 0.02 0.03 0.02
Nootkatone 0.01 0.004  0.003 0.01 0.03 0.02
Linalyl acetate 0.81 0.79 0.89

Orange Essence Oil

For botanical name and origin see orange oil.

Production:

Sensory Evaluation:

Physical Data:

Chemical Data:

Enantiodifferentiation:

During the concentration of orange juice (see 3.2.2.1).

This citrus oil can be categorised as juicy, sweet fruity and
weakly peely, green and fatty.

d,;; 0.840-0.850 o 90-99°
n,*: 1.468-1.476 L% 11
Aldehydes (cal. as decanal): 1.2-1.9%
Analogous to the ratios of orange oil.

In recent years, the juice oils of orange have encountered
increasing interest. Their sensorial potential, which reflects
the sweet and juicy type of orange juice, is highly valued
today. In aroma analysis, the highest flavour impact was
found for linalool, decanal, octanal, ethyl butyrate, a-
pinene, limonene and 6-methyl-octanal /95, 96]. A large
number of volatile trace constituents distinguish the juice
oil from peel oil. Growing area and production method
have considerable impact on oil quality. Brown extractors,
which are used in the majority in the USA, influence the
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juice with peel oil only on a small scale. Therefore, juice
oils produced with this method contain components which
are typical for peel oils in a lower ratio than oils produced
by FMC extraction. The content of ethyl butyrate and va-
lencene is, according to experience, lower in South Amer-
ican oils than in qualities from the USA. Oils from various
growing areas differ only quantitatively. Qualitatively all
orange essence oils exhibit analogous component patterns.

Blood Orange Essence Oil

For botanical name and origin see above.

Production:

Sensory Evaluation:

Physical Data:

Chemical Data:

Enantiodifferentiation:

During the concentration of blood orange juice.

The character of this oil is juicy, aqueous, estery, fruity,
balsamic, honey, only slightly aldehydic and sulphurous
with an acid note. The sensorial impact allows the associa-
tion with the citrus notes of mandarin. The sensory differ-
ences between blood orange and orange essence oil reflect
the differences of the juices with a number of specific
esters, such as ethyl-3-hydroxybutyrate and butyl-2-buten-
oate, acids such as 3-phenyl-popionic acid and alcohols,
e.g. 4-phenyl-2-butanol which are typical for blood or-
anges. On the other hand, blond orange juices are more
dominated by green, fatty, aldehydic constituents [97].
d,: 0.838-0.848 o, 92-104°

n,”: 1.469-1.477 L% 11

Aldehydes (cal. as decanal): 0.6-1.2%

As in all other orange oils, R(+)-limonene is present in a
purity exceeding 99%.

In contrast to Valencia essence oils, the reduced presence
of volatile flavour constituents is significant.
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Table 3.23: Main components (%) of orange essence oils

Orange Essence Oils Blood Orange
USA [98] Brazil [48] Eﬂiﬁ;‘“ﬁ(gﬂ

Ethanol 0.31 0.09 0.02
Ethyl butyrate 0.13 0.05 0.02
Hexanal 0.01 0.02 0.01
o-Pinene 0.46 0.52 0.45
Sabinene 0.26 0.26 0.57
Myrcene 1.78 1.84 1.66
Octanal 0.30 0.32 0.5
Limonene 92.5 94 93
Octanol 0.07 0.05 0.04
Linalool 0.48 0.52 0.39
Citronellal 0.06 0.04

Decanal 0.27 0.25 0.20
a-Terpineol 0.05 0.04 0.09
Carvone 0.11 0.07 0.02
Geranial 0.10 0.08 0.07
Valencene 1.63 0.33 0.52

Orange Water Phase

For botanical name and origin see orange oil.

Production:

Sensory Evaluation:

Physical Data:

Chemical Data:

During the concentration of orange juice (see 3.2.2.1).

This matrix features a typical orange pulp note and can be
described with the attributes juicy, fruity, estery, green,
floral, weakly sulphurous.

d,:  0.975-0.985 pH:  42-68
ny?: 1.336- 1.344 Vol%: 10 - 20

The total aroma content (excluding the components previ-
ously listed) usually corresponds to values in the range of
300-500 ppm.

The following compounds make up the aroma profile (the
values quoted in parenthesis correspond to ppm values):
linalool (45-80); a-terpineol (15-30); (Z)-3-hexenal (10-
50); ethyl butyrate (10-30); acetaldehyd diethylacetal (10-
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50); ethyl 3-hydroxyhexanoate (10-20); hexanal (8-20);
(E)-2-hexenal (5-20); octanol (5-20); octanal (5-10).

Quantitative differences result from different production
technologies. Origin from different growing areas is not
known to affect the composition of this matrix [99].

The flavouring of reconstituted orange juices is the most
important field of application for these aqueous orange
essences.

Continuous storage at freezing temperatures is necessary
to prevent bacterial destruction and off-flavour formation,
processes which easily develop in this highly diluted and
acidic medium.

Petitgrain Oils /100, 101]

Petitgrain oils are obtained by steam distillation from the leaves and small twigs of
citrus plants. As a result of their sweet, flowery and refreshing character, mainly the
Petitgrain oils of bitter orange (Citrus aurantium ssp. amara L.) [100, 102-105] are
of commercial interest. The main growing areas are Paraguay, Spain and Italy. The
main constituents of bitter orange Petitgrain oil are linalyl acetate (up to 60%) and
linalool (17-30%). Terpenes, sesquiterpenes and aldehydes play a minor role.

The Petitgrain oils of the citrus varieties mandarin (Citrus reticulata Blanco) and
lemon (Citrus limon (L.) Burm.) are also commercially available, but to a far lesser
extent than for bitter orange. Mandarin Petitgrain oil is characterised by its unique
sensory impact, which apart from y-terpinene (20-25%) results from its high content
of methyl N-methylanthranilate (40-50%) [106-108].

On a commercial basis, lemon Petitgrain oil is produced from citrus leaves in Italy. In
contrast to other Petitgrain oils, its composition resembles more to the peel oil of the
corresponding fruits. The main constituents are limonene (app. 30%), B-pinene (10-
20%) and citral (15-28%) [104, 109-114].

The Petitgrain oils of the citrus varieties grapefruit [/15], tangerine [116], lime [111]
and sweet orange [/17, 118] are of minor sensory interest and, therefore, only
produced on a limited commercial scale.

Table 3.24: Main constituents of Petitgrain oils

Bitter orange Mandarin Lemon
Spain [102] Italy [106] Italy [109]
B-Pinene 2.5 1.9-25 13.6
Sabinene 0.4 0.2-09 3.6
Myrcene 2.6 0.6-0.8 1.5
o-Phellandrene tr tr- 0.1 1.2
p-Cymene 0.1 3.0-52 0.9
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Bitter orange Mandarin Lemon
Spain [102] Italy [106] Italy [109]
Limonene 5.4 72-12.6 30.7
(E)-B-Ocimene 2.4 04-09 -
y-Terpinene 0.1 23.9-28.5 23
B-Caryophyllene 1.8 09-14 1.0
a-Terpineol 4.0 0.2-0.3 0.4
Linalool 20.2 0.3-1.1 1.8
Geraniol 3.0 tr 0.5
Citronellal tr tr-0.1 1.5
Geranial 0.1 tr-0.1 10.9
Neral tr tr- 0.1 6.5
Geranyl acetate 3.9 tr 2.9
Neryl acetate 2.2 tr 7.4
Linalyl acetate 48.9 tr-0.1 6.5
Methyl N-methylanthrani- tr 41.6-51.9 0.8
late
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